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1, IWTRODUCTION 
Program Desc r ip t i on  
A program sponsored by JPJ, was e s t a b l i s h e d  a t  Westinghouse 
t c  develop a  high temperature  s i . l i con  product ton process  us ing  
e x i s t i n g  e l e c t r i c  a r c  h e a t e r  technology. S i l i c o n  t e t r a c h l o r i d e  
and a  r educ t an t ,  l i q u i d  sodium, were i n j e c t e d  i n t o  a n  a r c  heated 
mixture  of hydrogen and argon. Under t he se  h igh  temperature  
cond i t i ons ,  a  very r ap id  r e a c t i o n  occurred and proceeded e s s e n t i a l l y  
t o  completion, y i e l d i n g  s i l i c o n  and gaseous sodium c h l o r i d e .  
Techniques f o r  h igh  temperature  s epa ra t i on  and c o l l e c t i o n  of t h e  
molten s i l i c o n  were developed us ing  s tandard  engineer ing  approaches.  
Although t h e  des i r ed  degree of s epa ra t i on  was n o t  achieved,  i t  h a s  
been determined t h a t  higher  w a l l  temperatures  v i a  more i n s u l a t i o n  
w i l l  improve s e p a r a t i o n  s i g n i f i c a n t l y .  Pre l iminary  t e c h n i c a l  
eva lua t ions  and economic p r o j e c t i o n s  i n d i c a t e  n o t  only t h a t  t h i s  
process  i s  f e a s i b l e ,  but  t h a t  i t  a l s o  has  t h e  advantages of 
r a p i d ,  high capac i ty  product ion of good q u a l i t y  molten s i l i c o n  
a t  a  nominal cos t  . lw4 
The Westinghouse program c o n s i s t s  of a four-phase e f f o r t  
d i r e c t e d  t o  t h e  development and implementation of t h i s  technology. 
The i n i t l a l  phase of t h e  program, Phase I ,  was an eleven-month 
s tudy  funded by JPL which was completed i n  September, 1977. 
While t he  o v e r a l l  JPL program o b j e c t i v e  is  t o  produce 1000 me t r i c  
t ons  o f  high  q u a l i t y  s i l i c o n  per  year  on a  continuous b a s i s ,  
Phase I was def ined  a s  a  comprehensive f e a s i b i l i t y  and engineer ing  
review of t h e  r e a c t i o n  process ,  and a  formula t ion  of t h e  des ign  
f o r  a  t e s t  system t o  expe.rimentally v e r i f y  t h e  h igh  temperature  
r e a c t i o n .  
Phase 11 involved a mul t i - task  approach inc lud ing  (1) a 
d e t a i l e d  engineer ing  a n a l y s i s  of t h e  e n t i r e  process  (2) des ign ,  
f a b r i c a t i o n ,  and assembly of t h e  experimental  system (3) experimental  
t e s t i n g  of t h e  r educ t ion  r e a c t i o n  t o  produce s i l i c o n  and (4)  
complementary r e sea rch  programs t o  augment t h e  experimental  
system des ign .  The Phase I1 e f f o r t  was i n i t i a t e d  i n  
October, 1977, and completed i n  December, 1979. 
Although only  Phase I and I1 of t h e  program were funded, 
Phase 111 is defined a s  t h e  des ign ,  cons t ruc t ion  and ope ra t i on  of 
a  p i l o t  p l a n t  f o r  t he  process .  This  phase would opt imize h o t h  
t h e  product s i l i c o n  and process  parameters.  
Phase I V  is  def ined a s  design and cc~ns t ruc t ion  of a f u l l  s c a l e  
commercial p l a n t  f o r  t he  product ion of 1000 m e t r i c  tons  of s i l i c o n  
per yea r .  
During t h e  performance of t h e  program, t h e  experimental  
ve r i f i ca t l . on  system f o r  t h e  production of s i l i c o n  v i a  t h e  a r c  hea ter -  
sodium reduct ion  of S i c 1  w a s  designed, f a b r i c a t e d ,  i n s t a l l e d ,  and 4 
opera ted .  Each of t h e  a t t endan t  subsystems was checked out  and 
opera ted  t o  i n s u r e  performance requirements.  These subsystems 
included:  t h e  a r c  h e a t e r s l r e a c t o r ,  cool ing water system, gas 
system, power system, Control  & Ins t rumenta t ion  system, Na i n j e c t i o n  
system, S i c 1  i n j e c t i o n  system, e f f l u e n t  d i s p o s a l  system and gas  4 
burnoff system. 
P r i o r  t o  in t roducing  t h e  r e a c t a n t s  ( N a  and S i c 1  ) t o  t h e  4 
a r c  h e a t e r l r e a c t o r ,  a s e r i e s  of gas  only-power t e s t s  w a s  conducted 
t o  e s t a b l i s h  t'he ope ra t ing  parameters of t h e  t h r e e  a r c  h e a t e r s  of 
t h e  system. Following the  succes s fu l  completion of t h e  gas only- 
power t e s t s  and t h e  r ead ines s  t e s t s  of t h e  sodium and S i c 1  i n j e c t i o n  4 
systems, a shakedown t e s t  of t h e  complete experimental  v e r i f i c a t i o n  
s y s  tem w a s  conducted. 
#.  On December 8,  1979 t h e  i n i t i a l  shakedown test was conducted 
i r 
w i t h  f u l l  r e a c t a n t  i n j e c t i o n  i n t o  t h e  r e a c t o r  t o  produce t h e  i n i t i a l  
s i l i c o n  product .  Both sodium and S i c 1  were i n j e c t e d  i n t o  t h e  4 
a r c  heated r e a c t o r  w i t h  ease  and t h e  system ope ra t iona l  c a p a b i l i t y  
f" was confirmed. A t o t a l  of 160 l b s .  of sodium and 346 l b s .  of SiC14 
Li * 
were i n j e c t e d  during t h e  t e s t  and a t o t a l  of 482 l b s .  of products  
produced w e r e  obtained ( i . e . ,  a mass balance e r r o r  of approximate1.y 
5%). O f  t h e  m a t e r i a l  produced dur ing  t h e  test, t h e  s i l i c o n  content  
c: ranged from 8% to  97% by weight of s i l i c o n .  The concent ra t ion  of 
s i l i c o n  i n  t h e  m a t e r i a l  produced was l e s s  than expected due t o  t h e  
presence of NaCl mixed wi th  the  product s i l i c o n .  The NaCl content  i s  
a t t r i b u t e d  t o  an i n s u f f i c i e n t l y  high wa l l  temperature.  Thus, t h e  NaCl 
w a s  condensed on t h e  r e a c t o r  wal l s  wi th  t h e  s i l i c o n ,  i n s t ead  of 
remaining a s  NaCl vapor and e x i t i n g  with t h e  gas stream. However, t h e  
condensation technique f o r  s i l i c o n  c o l l e c t i o n  on a s k u l l  wa l l  was 
v e r i f i e d ,  i .e . ,  a  s k u l l  wa l l  of increas ing thickness was forxed and the  
r eac t ion  k i n e t i c s  were confirmed i e ,  t h e  r eac t ion  of Na and SiC14 
proceeds e s s e n t i a l l y  t o  completion very rap id ly ) .  This lower 
temperature of the  gas stream r e s u l t s  mainly from the  a r c  heater  thermal 
inpu t  being approximately 1000 kW compared t o  the  an t i c ipa ted  1500 kW 
lised i n  t h e  design ca lcula t ions .  This lower power capab i l i ty  was the  -- - 
unexpected r e s u l t  of dera t ing  the  motor/generator set. 
- 
With the  addi- 
t i o n  of increased insu la t ion  t o  the  r eac to r  wal ls ,  i t  is believed t h a t  
proper separa t ion  of the  s i l i c o n  and NaCl w i l l  be  achieved, r e s u l t i n g  
i n  a  s i l i c o n  product of high pur i ty  (see  Section 3 - Conclusions and 
Recommendations). This lower temperature condit ion was a l s o  experienced 
i n  t h e  bench s c a l e  k i n e t i c s  experiment (see  Appendix G). Changing 
t h e  tube s i z e  enabled the  tube wa l l  temperatute t o  increase  t o  a  va lue  
s u f f i c i e n t  t o  p roh ib i t  NaCl condensation over a s i g n i f i c a n t  length.  
It  should be f u r t h e r  noted t h a t  the  product separa t ion  ana lys i s  
described i n  Appendix A was supported by t h e  s i l i c o n  product separa t ion  
observed i n  the  Kinet ics  experiment. 
3 .  CONCLUSIONS AND RECOMMENDATIONS 
The fo l lowing  conc lus ions  are made a s  a r e s u l t  o f  t h i s  program: 
Westinghouse h a s  des igned ,  b u i l t  and o p e r a t e d  a h i g h  
t empera tu re  exper imenta l  s i l i c o n  p r o d u c t i o n  a p p a r a t u s  
u t i l i z i n g  a r c  h e a t e r  technology.  
C o n t r o l l e d  t h e  r e d u c t i o n  of SiC14 w i t h  sodium t o  produce 
s i l i c o n  a t  h i g h  temperatures .  
Achieved t h e  d e s i g n  p roduc t ion  r a t e  of s i l i c o n  of 45.4 
kg /hr .  
Demonstrated t h a t  a plasma r e a c t o r  of h i g h  r e l i a b i l i t y  
and i n t e g r i t y  can be  b u i l t  and o p e r a t e d ,  
Demonstrated t h a t  t h e  e x p e r i m e n t a l  sys tem can  be  s t a r t e d  
and s topped  as r e q u i r e d  wi thou t  t h e  need f o r  e x t e n s i v e  
disassembly and decontaminat ion.  
Demonstrated t h a t  t h e  r e a c t i o n  between S i c 1 4  and N a  
w i t n i n  a plasma r e a c t o r  goes e s s e n t i a l l y  t a  complet ion.  
Demonstrated t h a t  t h e  p r o d u c t s  of r e a c t i o n  can b e  
recovered  by condensa t ion  on t h e  r e a c t o r  w a l l s .  
Demonstrated t h e  p o t e n t i a l  of producing h i g h  p u r i t y  
s i l i c o n  v i a  t h e  r e d u c t i o n  of SiC14 w i t h  sodium a t  h i g h  
.+ t empera tu re .  
k v  
It i s  recommended t h a t  a d d i t i o n a l  e x p e r i m e n t a l  t e s t s  on t h e  
Westinghouse program f a r  " ~ e v e l o p m e n t  O f  A P r o c e s s  f o r  High Capac i ty  
Arc H e a t e r  P r o d u c t i o n  O f  S i l i c o n  For  S o l a r  Arrays" b e  under taken.  
The t e s t  conducted on December 8, 1979 demonstrates t h a t  
t h e  Westinghouse proposed prociuction process  f o r  producing 
s i l i c o n  v i a  t h e  reduct ion  of Sic14 wi th  sodium a t  high temperature 
is  v i a b l e ,  Although complete s epa ra t ion  of t h e  products  was no t  
achieved, only minor modi f ica t ions  t o  t h e  r e a c t o r  a r e  requi red  t o  
a t t a i n  separa t ion .  The a d d i t i o n  of therma,l i n s u l a t i o n  between 
t h e  g r a p h i t e  l i n e r s  and t h e  r e a c t o r  s h e l l  wa l l  w i l l  reduce t h e  
hea t  l o s s  from the  l i n e r  t o  t h e  cool ing water ,  thereby inc reas ing  
t h e  w a l l  temperature of t he  l i n e r .  The increased  wa l l  temperature 
w i l l  promote sepa ra t ion  of s i l i con .  from t h e  product s t ream. 
P u r i t y  of t h e  s i l i c o n  product  was no t  a  primary concern dur ing  
t h e  i n i t i a l  t e s t i n g  and, t h e r e f o r e ,  is  no t  repor ted  on i n  d e t s i l .  
However, t h e  program should be  continued t o  opt imize t h e  ope ra t ing  
parameters of t h e  process  and t o  e s t a b l i s h  the  u l t ima te  product 
p u r i t y .  
4 .  TEST SYSTEM DESIGN ANfr INSTALLATION 
--
The following sections (4.1-4.11) describe the deslgn requfreillents, 
and installation sequences completed for each of the subsystems which 
collectively formed the experimental verification unit for arc heater- 
silicon production. 
4.1 E l e c t r i c a l  System 
To meet t h e  e l e c t r i c a l  needs of t h e  Westinghouse h igh  
temperature  s i l i c o n  product ion process  t h e  e l e c t r i c a l  system 
i n  t h e  Arc Renter  Laboratory had t o  be modified and expanded. 
The fol lowing o b j e c t i v e s  were e s t ab l i shed :  
a Extend e x i s t i n g  high c u r r e n t  A.C. supply t o  S i l i c o n  
Tes t  C e l l .  
a Expand and d i s t r i b u t e  t h e  D.C. f i e l d  supply t~ 
S i l i c o n  Tes t  C e l l .  
a bfodify e x i s t i n g  a u x i l i a r y  power system and expand it 
t o  supply a d d i t i o n a l  equipmenf. 
Supply hea t ing /cool ing  system wi th  normal and 
emergency v e n t i l a t i o n  equipment, 
a Control  t h e  power equipment and inc lude  necessary  
i n t e r l o c k s .  
To meet t h e s e  obdec t ives  t h o  layout  shown i n  F igure  (ES-1) 
was developed t o  e s t a b l i s h  t h e  l o c a t i o n a l  requirements  f o r  
e l e c t r i c a l  power and c o n t r o l s .  With t h e  development of t h e  
new S i l i c o n  Test Cell i t  became necessary t;o supply high c u r r e n t  
A.C. power to t h a t  c e l l .  F igure  (ES-2) shows schemat ica l ly  
how t h e  A.C. system is in te rconnec ted  wi th  t h e  Westinghouse 
High Power Laboratory genera tor  a t  S t a t i o n  #1. Also shown i n  
F igure  (ES-2) is t h e  D.C. power supply schemntic.  F igu re  (ES-3) 
is  a photograph of t h e  f o u r  D.C. welders  used f o r  t h e  a r c  heater- 
D.C. power supply. To s a t i s f y  t h e  remaining obJec t ives  a schematic  
f o r  t h e  A.6, 30w v o l t a g e  supply ( s e e  F igure  (ES-4)) was deveZoped 
from t h e  requirements  f o r  a u x i l i a r y  power, hea t ing / coo l ing  




r ~ ~ 0 . 5 -  13.c. BUS 
SILZCB!; TEST CELL 
D.C. DISC. SY- 
BfST* P&'<Et 3 
X5OkYb 7PRZS. t@ZV 31 
F5gure ES-1 - Electriczl. Distribution Lzyout 
TEST CELL n lX1sTING 
I I A.C. BUS 2000 AMP 
EXISTING 
(3) 1 2 0 0 / 5  CT'S 
(3) 20/1  PT'S 
( 3 )  800 /5  CT'S 
(3)  20/1 PT'S 
TEST CELL 
TEST CELL 
EXIST l H G  




STATION 4 1 





P '  




Figure ES-2 - Arc Heater Reactor A.C. And D.C. Supply 
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power equipment controls .  Figure (ES-5) is  a photograph of t h e  
ntotor con t ro l  conter  located i n  t h e  e l e c t r i c e l  d i s t r i b u t i o n  room 
a t  the  Arc Heater Laboratory. 
The i n s t a l l a t i o n  and debugging of t h e  e l e c t r i c a l  system 
was completed i n  October, 1979. During the  reactnnt  t e s t  
conducted on December 8, 1979 t h e  e l e c t r i c a l  system functioned 
as required wi th  the  arc hea te r s  operat ing a t  a power l e v e l  of 
1500 kW. 
Figure ES-5 - Photograph Of The Motor Control Center At The Arc Heater Laboratory 
4 . 2  Control  & Ins t rumenta t ion  
The o b j e c t i v e  of t h e  Control  & Instrumentat ion t a s k  i s  t o  
c o n t r o l  t h e  production of s i l i c o n  a t  100 l b s .  / h r ,  (45 kg/hr , )  
and t o  ga ther  p e r t i n e n t  d a t a  r e l a t i v e  t o  t h a t  production. Because 
of high l e v e l  e l e c t r i c a l  noifie generated by t h e  a r c  h e a t e r s  during 
ope ra t ion ,  a l l  c o n t r o l s  and ins t rumenta t ion  have t o  be  sh i e lded  
o r  b e  of a  design n o t  a f f e c t e d  by cb: n.oise. Also, t h e  c o n t r o l s  
have t o  be remotely operable  and explosion proof o r  i n t r i n s i c a l l y  
s a f e  because of t h e  p o t e n t i a l  expJosion hazard r e l a t e d  t o  t h e  
presence of hydrogen. I n  additr,ian, t h e  c o n t r o l s  and ins t rumenta t ion  
have t o  be  s ta te -of - the-ar t  and provide maximum f l e x i b i l i t y  due 
t o  t h e  experimental  n a t u r e  of t h e  p r o j e c t ,  To meat t h e  above 
o b j e c t i v e  and design requirements ,  ptleltmatic type  c o n t r o l s  and 
ins t rumenta t ion  were used where app l i cab le .  A l l  cool ing  water 
flow r a t e s  were determined by measuring t h e  p re s su re  drop ac ros s  
an o r i f i c e  p l a t e  and conver t ing  t h i s  measuremertt t o  a p ropor t iona l  
3-15 p s i g  s i g n a l  t h a t  i s  t r ansmi t t ed  t o  a remote c o n t r o l  p o i n t ,  
The 3-15 ps ig  s i g n a l  i s  then converted t o  a p ropor t iona l  e l e c t r i c a l  
s i g n a l  (4-20 mA) t h a t  can  be recorded by a  da t a  logger .  S imi la r  
devices  were used t o  measure and c o n t r o l  t h e  flow of argon and 
hydrogen gases  t o  t h e  a r c  h e a t e r s ,  Likewise, t o  record the  da t a  
a l l  pneumatic s i g n a l s  a r e  converted a t  t h e  c o n t r o l  pane l  t o  
p ropor t iona l  e l e c t r i c a l  s i g n a l s .  
". 
?- 
The sodium and s i l i c o n  t e t r a c h l o r i d e  flows were con t ro l l ed  
pneumatically.  However, i n  t h e  ca se  of sodium t h e  electromagnet ic  
flow meter gene ra t e s  an  e l e c t r i c a l  s i g n a l  t h a t  is converted t o  
a p ropor t iona l  3 t o  15 p s i g  pneumatic s i g n a l .  This  s i g n a l  i s  
used t o  c o n t r o l  n pneumatically operated v a r i a b l e  transformer 
(power s t a t )  t h a t  s u p p l i e s  power t o  t h e  e lec t romagnet ic  pump 
1 
I t h a t  pumps the l i q u i d  sodium. The converted pneumatic s i g n a l  
t from t h e  flow meter is a l s o  t ransmi t ted  t o  the main process  
c o n t r o l  pane l  where i t  i s  reconverted back t o  a  proportional.  
e l e c t r i c a l  s i g n a l  f o r  d a t a  logging.  The f low of sodium can be  
c o n t r o l l e d  from e i t h e r  t h e  sodium pane l  o r  t h e  main process  c o n t r o l  
panel .  Flow of s i l i c o n  t e t r a c h l o r i d e  i s  measured and c o n t r o l l e d  
by us ing  a flow-thru type  d i f f e r e n t i a l  p r e s s u r e  c e l l  and a  pneu- 
m a t i c a l l y  operated flow c o n t r o l  va lve .  Again t h e  pneumatic flow 
s i g n a l  i s  converted t o  an  e l e c t r i c a l  s i g n a l  f o r  record ing .  The 
r a t i o  of t h e s e  two r e a c t a n t s  i s  maintained by comparing t h e  pneumatic 
s i g n a l s  from t h e  r e s p e c t i v e  flow nietsrs. F igure  (CL-1) i s  a 
schematic of t h e  Na-Sic1 flow and r a t i o  c o n t r o l  system descr ibed  4 
above. 
Temperature measurements a r e  made v i a  platinum r e s i s t a n c e  
, t empera tu re  dev ices  (RTD) i n  l o c a t i o n s  where t h e  temperature  i s  
expected t o  be less than 750°C. RTD's were chosen because 
(1) R.TD1s a r e  considered t o  be immune t o  e l e c t r i c a l  n o i s e  and 
(2) t h e i r  high e l e c t r i c a l  ou tput  provides  an a c c u r a t e  i n p u t  t o  
a  da ta logger .  RTD's a r e  used t o  measure t h e  temperature  of a l l  t h e  
cool ing  water  and t h e  incoming gas  temperatures .  I n  l o c a t i o n s  where 
t h e  temperature  i s  expected t o  exceed 750°C, chromel-alumel 
thellnocouples are used along wi th  sh i e lded  thermocouple ex tens ion  
wire .  The temperatures  of t h e  g r a p h i t e  l i n e r s  i n  t h e  r e a c t o r  are 
measured us ing  thermocouples because t h e  temperature  i s  expected 
t o  exceed 80Q°C. The m i l l i v o l t  s i g n a l  from t h e  thermocouples 
a r e  converted t o  a  0-5V s i g n a l  f o r  d a t a  logging.  
To r eco rd  t h e  d a t a  generated dur ing  t e s t i n g ,  a  da ta logger  wi th  
one hundred channels  (expandable t o  1,000 channels)  was chosen. To 
s t o r e  t h e  da t a ,  t h e  da ta logger  i s  equipped wi th  a paper  t a p e  p r i n t -  
o u t  t h a t  r eco rds  a l l  d a t a  i n  sequence a s  each of t h e  channels  i s  
scanned. I n  a d d i t i o n ,  t h e  da ta logger  i s  i n t e r f a c e d  wi th  a  9- t rack 
magnetic t a p e  deck t h a t  can s t o r e  a l l  t h e  d a t a  generated du r ing  a  
test on magnetic tape .  To achieve m a x i m u m  f l e x i b i l i t y  a l l  d a t a  
i s  converted t o  and s t o r e d  a s  m i l l i v o l t s .  Converting t h e  
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i Figure CI-lC- Schematic Of The Na To SiCl 4 Feed Rate-Ratio Controller 
m i l l i v o l t s  t o  engineering u n i t s  is done by a computer program 
-0nse. which allows f o r  changing of sca l ing  f a c t o r s  a t  a minimum exp, 
I n  add i t ion  t o  the  datalogger,  each point  t h a t  is  recorded a l s o  
has a v i s u a l  readout device f o r  r e a l  t i m e  monitoring during 
t e s t ing .  Figure (CI-2) is a photograph of the  a r c  hea te r  con t ro l  
and alarm panel. It contains t h e  a r c  current ,  vo l t age  and power 
meters and a l l  in te r locks  f o r  s t a r t i n g  and stopping the  a r c  hea te r s .  
It a l s o  contains the  s t a r t - s top  cont ro ls  f o r  t h e  cooling water 
pumps, t h e  open and c l o s e  c o n t r o l s  f o r  t h e  gas (argon, hydrogen) 
va lves ,  and t h e  con t ro l s  f o r  t h e  burnoff s t ack  i g n i t e r .  Figure (CI-3) 
is  a photograph of t h e  Main Process Control Panel.  It contains 
t h e  datalogger,  tape deck, cooling water temperature readout,  and 
cooling water flow readout.  Addit ionally,  i t  conta ins  the  r a t i o  
c o n t r o l l e r  f o r  Na and SiC14, t h e  SiC14 flow c o n t r o l l e r ,  t h e  valve 
cont ro ls  f o r  i n j e c t i n g  Na and S i c 1  and t h e  flow con t ro l s  f o r  4 
argon and hydrogen t o  the  a r c  hea te r s .  Also mounted on t h i s  panel 
is t h e  temperature readout f o r  the  r eac to r  l i n e r  and the  pH 
c o n t r o l  instruments f o r  the  e f f l u e n t  treatment tank. 
The assembly and i n s t a l l a t i o n  a c t i v i t y  f o r  the  C & I  t a s k  was 
completed during November, 1979. 





4.3 Cooling Water System 
Arc h e a t e r s  and t h e i r  a u x i l i a r i e s  r e q u i r e  s u b s t a n t i a l  cool ing  
water systems because of t h e  h igh  temperatures  and h igh  i n t e r n a l  
h e a t  f l u x e s  involved. Therefore,  t h e  cool ing  water system Elad 
92: 
Provide c losed  loop (high p re s su re )  cool ing  water 
f o r  t h e  a r c  h e a t e r s .  
Provide c losed  loop (low pressure)  cool ing  water f o r  
t h e  r e a c t o r  s e c t i o n s ,  S i  c o l l e c t o r ,  e f f l u e n t  system, 
and burnoff s t ack .  
Provide e f f l u e n t  cool ing  water  c a p a b i l i t y .  
A p ip ing  schematic of t h e  cool ing  water  system a s  i n s t a l l e d  
i s  presented i n  F igure  (CW-1). 
The cool ing  water system has  two closed-loops w i t h  a  common 
l i n e  cons i s t i ng  of a  surge tank ,  s t r a i n e r ,  f i l t e r ,  and deminera l izcr .  
The water from t h e  deminera l izer  flows t o  two pumps: one a t  
800 TDH and 250 gpm feeding  t h e  a r c  hea t e r  e l e c t r o d e s  and c o i l s ;  
and t h e  o t h e r ,  a t  250 TDH and 600 gpm feeding  the  r e a c t o r  s e c t i o n s ,  
s i l i c o n  c o l l e c t o r  and e f f l u e n t  s epa ra t ion  system. 
Each loop is  equipped wi th  a  h e a t  exchanger r e q u i r i n g  75 t o  
100 gpm of cool ing water ,  thus  reducing t h e  c i r c u l a t i n g  water  
temperature by about 15OF i n  t h e  range of 120 t o  140°B. This 
moderately elevated temperature minimizes t h e  amount of r a w  
cool ing water  requi red .  
The demineral izer  i s  provided i n  o rde r  t o  minimize s c a l e  
b u i l d  up and cor ros ion .  It is p re fe r r ed  over  t h e  water  s o f t e n e r  
and water condi t ioner  types when concerned w i t h  s c a l e  o r  cor ros ion ,  
Figure GT-1 -P ip ing  Drawing Of The Cooling Water System 
and e s p e c i a l l y  s u i t a b l e  f o r  high v o l t a g e  systems where leakage 
c u r r e n t s  through t h e  water a r e  p o s s i b l e ,  
The f i l t a r  w i l l  remove unwanted particles over 5 microns, 
w l ~ i l e  t h e  s t r a i n e r  removes the  c o a r s e r  p a r t i c l e s ,  
The mnte r in l s  o f  cons t ruc t ion  f o r  t h e  system a r e  copper and 
carbon s t e e l .  
The cool ing  water f o r  tho e f f l u e n t  scrubber  i s  provided 
by t h e  o u t l e t  water  from t h e  hea t  exchangers f o r  t h e  two closed 
loop systems. F i g u r e  (CW-2) i s  a photograph oE t h e  watar pump 
room components which inc lude  t h o  two pumps, surge t ank ,  heat 
axchangers and deminern l izer ,  A photograph of t h e  coo l ing  
wnter distribution pip ing  i s  shown i n  F igu re  (CW-3). 
The cooling wnter  system i n s t a l l a t i o n  was completed dur ing  
February, 1979 and funct ioned well dur ing  t h e  r e a c t a n t  tests 
on December 8 ,  1979. 
EL- 
Figure CW-2 - Photograph Of The Cooling Water System Main Components 
Figure CW-3 - Photograph O f  The Distribution Piping For The Cooling Water System 
4.4 Gas System 
The Westinghouse Arc Heater h igh  temperature s i l i c o n  
product ion process  b r ings  toge ther  s i l i c o n  t e t r a c h l o r i d e  and 
l i q u i d  sodium t o  react and farm s i l i c o n  and sodium c h l o r i d e .  
This  r e a c t i o n  must t ake  p l a c e  a t  a h igh  temperature i n  m 
r e l a t i v e l y  pure  and i n e r t  atmosphere, Therefore,  hydrogen and 
argon gases  were s e l e c t e d  a s  t h e  hea t  t r a n s f e r  medium and argon 
was s e l e c t e d  a s  a cover gas  f o r  each of t h e  r e a c t a n t  s t o r a g e  
systems. The gas system designed f o r  use i n  t h i s  process  
had t h e  fol lowing o b j e c t i v e s  : 
I n d i c a t e ,  monitor,  and r e g u l a t e  t h e  i n d i v i d u a l  
supp l i e s  of argon and hydrogen gas  t o  t h e  a r c  
hea t e r s .  
Blend argon and hydrogen i n  t h e  app ropr i a t e  r a t i o s  
f o r  t h e  a r c  h e a t e r s ,  
Supply argon a s  a cover gas  f o r  t h e  Nn and SIC14 
s y s  tems . 
a Provide instrument  a i r  t o  subsystems f o r  pneunlatic 
c o n t r o l  and monitoring. 
To meet these  o b j e c t i v e s  a system was designed and s i z e d  
t o  provide hydrogen and argon i n  n r a t i o  of 4 t o  1 from 65 scfm 
up t o  350 acfm and t o  provide argon i n j e c t i o n  gas up t o  100  scfm. 
(Figure (GS-1) p re sen t s  t h e  conceptual des ign  f o r  t h e  gas 
system,) Hydrogen i s  s t o r e d  i n  a tube  trailer a t  approximately 
2500 ps ig  and is suppXied t o  a blend panel  through a r e g u l a t i n g  
panel  a t  150 ps ig .  Argon i s  s to red  a s  a l i q u i d  in a 500 g a l l o n  
v e s s e l  and i s  supp3,ied a s  n gas a t  150 p s i g  t o  t h e  blend panel ,  
t h e  SiCl s t o r a g e  system, t h e  sodium s t o r a g e  system and the 4 






Figure GS-I-  Schematic Of The Ar-H Gas System 2 
The argon-hydrogen blend pane l  c o n t r o l s  t h e  f low rate and 
r a t i o  of t h e  two gases  t o  t h e  a r c  h e a t e r s .  Th i s  pane l  i s  
l o c a t e d  on t h e  o u t s i d e  w a l l  of t h e  S i l i c o n  T e t r a c h l o r i d e  Pump 
Room. Cont ro l  of  flow th ru  t h e  blend pane l  i s  accomplished 
remotely from t h e  Main Process  Control  Pane l  v i a  two pneumatic 
v a l v e  load ing  s t a t i o n s  t h a t  open and c l o s e  t h e  flow c o n t r o l  
va lves .  Readout of  t h e  f low i s  a l s o  a t  t h e  Plain Cont ro l  Pane l .  
P r e s s u r e  upstream o f  each son ic  o r i f i c e  and temperature  of  t h e  
gases  a r e  a l s o  read out  a t  t h e  main pane l .  
F igu re  (GS-2) i s  a photograph of t h e  gas  blend pane l  and 
F igu re  (GS-3) i s  a photograph showing t h e  hydrogen and argon 
s t o r a g e  f a c i l i t i e s .  
The instrument  air  f o r  pneumatic c o n t r o l s  i s  provided f o r  
by a  27 scfm, 5 horsepower compressor equipped wi th  a d r y e r  
t h a t  f u r n i s h e s  a i r  w i th  a dew po in t  of 32°F. Instrument  a i r  
suppl ied  t o  t h e  gas blend pane l  l oca t ed  a d t s i d e  t h e  a r c  h e a t e r  
l a b o r a t o r y  i s  f u r t h e r  d r i e d  t a  a  dew p o i n t  temperature  of 
-10°F. 
The gas  system funct ioned s u c c e s s f u l l y  du r ing  t h e  r e a c t a n t  
test on December 8, 1979.  
Figure CS-2 - Photograph O f  The Ar-H2 Gas Blend Panel (Mounted Outside A t  The Arc Heater Laboratory) 
Figure GS-3 - Installation Of The Liquid Ar And The H Tube Trailer Supp1.y Facilities 2 
4.5 Plasma Reactor-Separator (0616) 
Design of t h e  r e a c t o r  components i s  based on t h e  r e s u l t s  
of t h e  Product Separa t ion  Analysis  ( see  Appendix A ) .  Resu l t s  
of t h e  a n a l y s i s  i n d i c a t e  t h a t  a  r e a c t o r  length  of 5 meters 
i s  adequate  f o r  s i l i c o n  c o l l e c t i o n  by condensation. The r e a c t o r  
bore diameter is  approximately 19 cent imeters .  
For s i l i c o n  sepa ra t ion  v i a  condensation w i t h i n  t h e  tubu la r  
r e a c t o r ,  a  cyclone i s  not  abso lu t e ly  necessary f o r  product 
s epa ra t ion .  However, t o  maximize t h e  p a r t i c u l a t e  o r  d r o p l e t  
c o l l e c t i o n  e f f i c i e n c y ,  a cyclone has been included i n  t h e  
system. The cyclone des ign  a n z l y s i s  i n d i c a t e s  t h a t  h igher  i n l e t  
v e l o c i t i e s  and reduced body diameters  w i l l  c o l l e c t  higher  
percentages of smal l  diameter p a r t i c l e s ,  bu t  w i l l  have a  h igher  
o v e r a l l  p r e s su re  drop. The des ign  s e l e c t e d  is  approximately 
52 cm i n s i d e  diameter of l i n e r  wi th  an  i n l e t  v e l o c i t y  g r e a t e r  
than  100 m / s .  Col lec t ion  e f f i c i e n c y  w i l l  b e  nea r ly  100% f o r  a l l  
p a r t i c l e s  exceeding 4pm diameter.  The pressure. d ~ o p  w i l l  b e  
l e s s  than 0 . 1  atm. Based on h e a t  t r a n s f e r  r a t e s  pred ic ted  f o r  
the  condensation method of s i l i c o n  c o l l e c t i o n  ( s e e  Appendix A ) ,  
c a s t r e s s  a n a l y s i s  was conducted f o r  candida te  m a t e r i a l s .  A 
f i n a l  s e l e c t i o n  of t h e  r e a c t o r  s h e l l  ma te r i a l  was based upon 
s t r e s s  and chemical compa t ib i l i t y  cons idera t ions .  ~ e t a i l e d  
s t r e s s  a n a l y s i s  of t h e  va r ious  s e c t i o n s  ind ica t ed  t h a t  high 
s t r e n g t h  carbon s t e e l  provides a  reasonable s a f e t y  f a c t o r  f o r  
t he  h igh  h e a t  t r a n s f e r  r a t e s  pred ic ted  and, t he re fo re ,  t h e  h igh  
thermal stresses encountered. For maximum cor ros ion  r e s i s t a n c e  
t h e  i n t e r n a l  s u r f a c e  of t h e  carbon s t e e l  was n i c k e l  coated t o  
a th ickness  of about .25mrn (.010 inch ) .  
Table PR-1 p re sen t s  a  summary of t h e  r e s u l t s  of t h e  
a n a l y s i s  f o r  candida te  m a t e r i a l s  of cons t ruc t ion .  A s  i nd i ca t ed  
i n  t h e  t a b l e ,  aluminum would appear t o  be t h e  most l i k e l y  
tv L ~ U E  PR-1- M a t e r i a l  P r o p e r t i e s ,  Dimensions,  And Heat 
T r a n s f e r  Ra tes  For  Reac to r  S e c t i o n  A n a l y s i s  
Mechanical  P r o p e r t i e s  
Y i e l d  S t r  k  a x lo6 v , P o i s s o n l s  E, Young's ~ o d  
M a t e r i a l  k p s i  B t u / h r  ft O F  f t / f t  O F  R a t i o  p s i  x 10'~ 
I n c o n e l  625 6 0 6.67 7.1 . 3 1  3  0 
Monel 400 40 12.58 7.7 . 3 2  2 6 
316 st.  s t l .  30 9.4 8.9 . 3  2 8 
Carbon Stl. A242 4 2  2 7 8.4 . 3  29.5 
Aluminum 6061-T6 40 9 9 13.0 . 3  10.0 
Nickel  200 1 5  37.5 7.4 .26 29.6 
Dimensions And Heat T r a n s f e r  R a t e  (At Wal l )  
- 
S e c t i o n  Name I n s i d e  Dia .  Q, w/cm2 (max) 
Arc H e a t e r  Plenum 406 mm (16 i n )  3 2 . 3  
Reducer S e c t i o n  356 mm (14 i n )  Ave 3 2 . 3 ,  50 
R e a c t o r  S e c t i o n  305 nun (12 i n )  50 
Cyclone I n l e t  305 mm (12 i n )  1 7 . 3  
Cyclone 771 mm (28 i n )  33.3 
candidate material provided that it could be completely isolated 
from the corrosive (HC1 or Na) environment. Carbon steel was 
selected over aluminum because it is more corrosion resistant. 
Other candidate materials considered have more corrosion 
resistance than carbon steel, but do not qualify because thermal 
stresses are higher. 
Table PR-2 is a compilation of material properties and 
section dimensions used for the stress analysis. The basic 
reactor vessel design which was analyzed for thermal stresses 
is shown in Figure PR-1. The highest stress occurs on the 
inside diameter of the inner shell. The maximum stress is 
a result of combined compressive loads due to teaperature 
gradients through the inner shell material and axial 
differential thermal expansion between the inner shell and 
outer shell. The equation for this combined stress is given 
as : 
u = compressive stress (maximum) 
- 
Q = heat transfer rate 
t = shell thickness 
A = shell cross sectional area 
i; E = Young's modulus 
, 
= linear expansion coefficient 
k = thermal conductivity 
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Figure PR-1 - Basic Vessel Parameters For Thermal Stress Analysis 
AT = temperature d iEference  
i = i nne r  s h e l l  s u b s c r i p t  
o  = o u t e r  s h e l l  s u b s c r i p t  
The o u t e r  s h e l l  i s  assumed t o  be  a t  t h e  same temperature  
a s  t h e  coo l ing  water .  AT i s  a sum QE t h e  temperature g r a d i e n t  
of t h e  cool ing  water  f i l m  and t h e  mean temperature  of t h e  
i nne r  s h e l l  due t o  hea t  t r a n s f e r .  
Table  PR-1 showo a  r a t i o  oE t h e  maximum stress a s  ca l -  
cu l a t ed  i n  Equation (1) t o  t h e  y i e l d  s t r e n g t h  of t h e  candi- 
d a t e  ma te r i a l .  A reduced inne r  s h e l l  th ickness  r e s u l t s  i n  
lower thermal  stress, but  decreases  t h e  s a f e t y  f a c t o r  f a r  
i nne r  s h e l l  buckl ing pressure .  Wall t i l ickncss was s e l e c t e d  
by eva lua t ing  t h e  niiniwuni s tandard m a t e r i a l  th ickness  which 
y ie lded  a  buckl ing p r e s s u r i  s a f e t y  f a c t o r  of t h r e e  o r  
g r e a t e r .  On t h i s  b a s i s ,  a  wa l l  th ickness  oE 3.2mm (0.125 P 
inch) was s e l e c t e d  f o r  t h e  r e a c t o r  s ec t i ons .  The l a r g e r  
diameter bo re  of both t h e  a r c  h e a t e r  p l e n u ~ i ~  and cyclone 
r e q u i r e s  m a t e r i a l  th ickness  of 4.Smm (.1875 inch)  and 6.4mm . 
(. 250 inch)  , sospec t i v e l y  . 
Reactor Liners .  The s t r n i g h t  s e c t i o n  of t h e  r e a c t o r  and 
t he  cyclone a r e  l i n e d  wi th  high p u r i t y  g raph i t e .  The i n t e r n a l  
su r f aces  of t h e  g r a p h i t e  a r e  sea led  wi th  p y r o l y t i c  g r aph i t e .  
The h e a t  Elow, which i s  requi red  t o  i n s u r e  a s k u l l  w a l l A ,  i s  very  
high, e s p e c i a l l y  near  t h e  r ene t ion  zone, and r e q u i r e s  a c l o s e  
f i t  of t h e  g r a p h i t e  lZner  w i th in  t h e  water-cooled j acke t .  
Hence, bo th  t h e  water-cooled jacket: and t h e  g r a p h i t e  1,iner a r e  
machined t o  c l o s e  t o l e r a ~ c e s  , 
P y r o l y t i c  g r a p h i t e  was chosen f o r  coa t ing  t h e  i n t e r n a l  
su r f aces  of t h e  g raph i to  l i n e r s  f o r  tire f o l l o w i ~ l g  reasons :  
a. P y r o l y t i c  g r a p h i t e  forms a  good s e a l  having t o t a l  
impuri ty  l e v e l s  a s  low a s  1 0  t o  30 ppm. 
b. I n  t h e  a p p l i c a t i o n  of  a  p y r o l y t i c  g r a p h i t e  c o a t i n g  
t o  t h e  g r a p h i t e ,  f a b r i c a t i o n  a d v a n t ~ g e s  a r e  
r e a l i z e d .  The fu rnace  i s  run  up t o  a high  
temperature  f o r  p u r i f i c a t i o n  of t h e  g raph i t e .  
The temperature  P s  lowered and t h e  p y r o l y t i c  
coa t ing  i s  appl ied .  During t h e  run ,  t h e  g r a p h i t e  
i s  stress r e l i e v e d  due t o  t h e  high temperature .  
F i n a l  machining of h igh  accuracy is  performed 
a f t e r  t h e  furnace  ope ra t i on  on t h e  s t a b i l i z e d  
p a r t s  . 
The cyclone o u t l e t  was l i n e d  wi th  both g r a p h i t e  and 
a r e f r a c t o r y  i n s u l a t i o n ,  The purpose of t h e  l i n e r s  i s  t o  
maintain t h e  gas temperature  h igh  enough t o  prevent  condensat ion 
O F  NaC1. 
A t y p i c a l  j o i n t  between s e c t i o n s  i s  shot?n i n  F igure  PR-2. 
It i s  R s l i p  j o i n t  .with t h e  l i n e r  s e c t i o n s  pos i t i oned  a x i a l l y  
by a  s e a l  r i n g .  One o r  two t u r n s  of t h i n  p y r o l y t i c  g r a p h i t e  
f o i l  can be used f o r  b e t t e r  s e a l i n g ,  Where t h e  steel f l a n g e s  
ndd t h e  most s t i f f n e s s ,  r e l i e f  c u t s  i n  t h e  g r a p h i t e  a s  shown 
i n  F igure  PK-2 prevent  higher  stresses i n  t h e  g raph i t e .  
Heat: 1Qow And Temperature D i s t r i b u t i o n .  One of t h e  
o b j c c r s  of t h e  r e a c t o r  wal l  des ign  i s  t o  c r e a t e  t h e  amount 
of coo1ing needed t o  maintain the  t h i cknes s  of t h e  s i l i c o n  
i 
s k u l l  ritall renoonably c l o s e  t o  the deshred va lue  o f  2 cm. 
i 
The expccted hea t  t r n n s f s r  r o t e  has  been determined i n  t h e  
I condensation c n l c u l a t i o n s  ( s ee  Appondix A) and a r e  p l o t t e d  
u s  a f u n c t i o n  of  r e a c t o r  a x i a l  p o s i t i o n  i n  Figure  PII-3. The 
i? 
I( zero l e n g t h  p o i n t  has  been es t imated  t o  f a l l  approximately 
Q 
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Figure PR-2 - Typical Reactor Section J o i n t  
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Figure PR-3 - Heat Flow vs. Reactor Length 
s i x  inches  i n t o  the  tapered s e c t i o n  fol lowing t h e  SiC14 
i n j e c t i o n .  The average hea t  flow f o r  each r e a c t o r  s e c t i o n  a s  
determined from t h i s  graph i s  shown i n  Table  PR-3 and i s  t h e  
b a s i s  f o r  t h e  w a l l  design.  The s e c t i o n  des igna t ions  a r e  shown 
i n  F igu re  PR-3. 
A s  t h e  condensation c a l c u l a t i o n s  do n o t  apply d i r e c t l y  
t o  t h e  cyclone condi t ions ,  i t  was necessary t o  make some 
assumptions regarding an  "equivalent  l eng th t t .  This  was done 
by simply t r e a t i n g  t h e  cyclone as a r e a c t o r  l eng th  having t h e  
same w a l l  a r ea  a s  t h e  cyclone. The en t r ance  t o  t h e  cyclone 
has a smal le r  diameter,  10 cm, than the  r e a c t o r ,  1 5  c m ,  and t h e  
hea t  t r a n s f e r  c o e f f i c i e n t  was ad jus t ed  f o r  t h e  increased  gas 
v e l o c i t y  according t o  t h e  expression:  
The average h e a t  flow f o r  t he  cyclone equ iva l en t  l eng th  i n  
F igure  PR-3 was, t he re fo re ,  mul t ip l ied  by 2.07.  The r e s u l t i n g  
va lue  was rounded t o  30 w/cm2. 
The w a l l  composition i s  obtained by an  i t e r a t i v e  ca l -  
cu l a t ion .  The end r e s u l t  of one such s e r i e s  is  shown i n  
F igure  PR-4, It i n d i c a t e s  t h e  wa l l  geometry and t h e  temperature 
d i s t r i b u t i o n .  This f i g u r e  a p p l i e s  t o  Sec t ion  G ( s ee  F i g u r e  PR-3), 
with t h e  r e s u l t s  based upon t h e  fol lowing assumptions: 
a. The h e a t  f low i s  31 w/cm2 at  t h e  gas - s i l i con  
i n t e r f a c e .  
b. The s i l i c o n  s k u l l  is  3 . 7  cm t h i c k  and t h e  bo re  
Table PR-3-  Nominal Heat F lux  A t  The Wall For A 15 cm Bore Reactor 








Axia l  Extension 
0 .  - 0 . 4 6  rn 
0 . 4 6  - 1 . 3 7  
1 .37  - 2 . 2 9  
2 .29  - 3 . 2 0  
3 . 2 0  - 3.66 
3 . 6 6  - 4 . 2 9  
4 . 2 9  - 7 . 5 0  








*Not Corrected For Diameter Dev ia t ion  
Temperature, O K  
c. The liner consists of Stackpole 2128 graphite with 
a 0.07 inch thick pyrolytic graphite coating on the 
inner surface. The liner is of one piece construction 
with a close fit in the steel shell. 
d. The temperature drop in the graphite/steel interface 
is equivalent to a 0.010 inch gap filled with 
carrier gas (i.e., 4H2:1Ar). The thickness of 
the silicon skull layer will vary with the gap 
and it is, therefore, in part, determined by 
component tolerances. 
Material Data. As various sources do not agree on the 
material properties, the following listing shows data which 
has been used for the liner calculations. 
Silicon 
Thermal conductivity: The graph in Figure PR-5 
has been derived from a curve given by Ho & ~owel1.f~ 
The curve is a recommended average of a large number 
of curves from different sources. Above room 
temperatures the various investigators agree fairly 
well. 
Thermal Expansion 
(the temperature t is in OC; valid 0-650°C) 
This expression is a straight line fit to the 
graph given by Runyan. Above 650°C silicon exhibits 
plastic flow and does not normally develop large 
stresses, 

Graphi te  L ine r s  
The m a t e r i a l s  s e l e c t e d  a r e  S tackpole ' s  g rade  2020 
and Great Lakes Carbon grade  HLM. The v a r i a t i o n s  i n  
p r o p e r t i e s  a r e  a t t r i b u t a b l e  mainly t o  manufacturing 
methods such a s  i s o s t a t i c  p r e s s ing ,  molding, and 
ex t ru s ion .  Typica l  thermal p r o p e r t i e s  a s  shown i n  
Table  PR-4 i l l u s t r a t e  t h e s e  v a r i a t i o n s  and t h e  s i m i l a r i t y  
t o  grade 2128 f ~ r  which t h e  prev ious  c a l c u l a t i o n s  were 
performed. 
Grade HLM has  t h e  advantages t h a t  i t  i s  less 
expensive and i s  a v a i l a b l e  i n  l a r g e  s i z e s .  The 
disadvantages a r e  t h a t  less d a t a  i s  a v a i l a b l e  and t h e  
a sh  conten t  ( impuri ty  l e v e l )  i s  somewhat h igher .  
Thus, t h e  HLM grade m a t e r i a l  is  used i n  t h e  a r e a s  
where hea t  t r a n s f e r  is  lower and dimensions a r e  n o t  
a s  c r i t i c a l .  
P y r o l y t i c  Graphi te  
Thermal conduct iv i ty :  F igure  PR-6 has been 
used f o r  t h i s  a n a l y s i ~ . ~  It has been supported by 
d a t a  from one s u p p l i e r ,  P f i z e r  Inc .  P y r o l y t i c  
g r a p h i t e  p r o p e r t i e s  vary  s t r o n g l y  depending on t h e  
cond i t i ons  a t  t h e  t i m e  of depos i t i on .  
Drawings which d e p i c t  t he  assembly of t h e  r e a c t o r  
s h e l l s  and r e s p e c t i v e  l i n e r s  a r e  presented i n  
F igures  PR-7 - PR-11. 
F igure  PR-12 p re sen t s  a  view of t h e  a r c  hea t e r -  
r e a c t o r  assembly mounted on t h e  frame wi th in  t h e  test  
cell .  Key r e a c t o r  system components a r e  l a b e l e d  on 
t h e  f i g u r e .  One of t h e  three-phase arc h e a t e r s  from 
t h e  r e a c t o r  is  presented i n  F igure  PR-13 along w i t h  i t s  
K p r o t e c t i v e  ou t e r  cover shown i n  t h e  l e f t  background. 
Table PR-4 
Graphi te  Type 
% S t a ckpo le  2128 
( I s o s t a t i c  Pressed)  
I I 
C- 
I o S t a ckpo le  2020 
(Molded) 
Great Lakes Carbon HLM 
(Extruded) 
Thermal P r o p e r t i e s  Of Candidate Graphi tes  
C o e f f i c i e n t  Of Thermal Expansion 
Temp. (OC) k i a l  ( ~ / O C )  Radia l  ( ~ / O C )  
2 5 4 .1  x 4.1 x 
600 5.3 x 5.3 x 
1000 5.8 x 5.8 x 
1500 6 . 6  x 6.6 x 
*Data Not Ava i l ab l e  
Thermal Conduct ivi ty  
1.38 (With Grain) 
* 
TEMPERATURES IN I O V  F 
Figure PR-6 - Thermal Conductivity Of Pyrolytic Graphite (From Reference 7) 
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Figure  PR-8 - Assembly Drawing O f  The S i c 1  I n j e c t o r  Rizlg And Reactor Sec t ions  4 
Figure PR-9 - Assembly Drawing O f  Reactor Sections 
. . 
Figure  PR-10 -Assembly Drawing Of S i l i c o n  Cyclone And Co l l ec to r  
Figure PR-11 - Assembly Drawing O f  Gas Scrubber  I n l e t  S e c t  ion 
- .  
. 1 "  L ~ l l r P  n3-:? - Photograph Of The Arc Ileater-Peactor For Experinenta? Silicon Prodvction. 
ORlSfNAC P.r\GE 
BLACK AND WHITE PhOTOSRApU 
Figure PR-13 - Photograph Of The Westinghouse Arc Heater Used For The 
Silicon Process Experimental Verification Unit 
Storage  and Feed System 
The Westinghouse Arc Heater  p rocess  reduces s i l i c o n  
t e t r a c h l o r i d e  w i th  sodium a t  a  h igh  temperature  t o  form s i l i c o n  
and a  by-product sodium ch lo r ide .  The o b j e c t i v e  of t h e  SiC14 
system is  t o  supply S i c 1  of known p u r i t y  t o  t h e  r e a c t o r  a t  a  4 
r a t e  equ iva l en t  t o  t h e  product ion  of 45.36 kg (100 l b s . )  per  
hour of s i l i c o n .  The r a t e  of flow must be  v a r i a b l e  and 
p r o p o r t i o n a l  t o  t h e  sodium flow. The system must be capable  
of ope ra t i ng  f o r  s h o r t  runs  ( 1  t o  2  h r s . )  and f o r  continuous 
running. The p u r i t y  of t h e  S i c 1  must b e  preserved and 4 
monitored and t h e r e  must b e  a  method f o r  ven t ing  and 
r ecyc l ing  i t .  
A schematic of t h e  designed system i s  shown i n  F igure  (STC-1) 
and t h e  component i d e n t i f i c a t i o n  f o r  t h i s  system i s  i temized 
i n  Table  STC-1. This  des ign  provides  f o r  a l a r g e  s t o r a g e  
tank  (4,000 g a l . )  where t h e  S i c 1  is  s t o r e d  as rece ived  from 4 
a s u p p l i e r  and a  sma l l e r  200 g a l .  s t o r a g e  o r  ''day" tank  where 
m a t e r i a l  f o r  a  s p e c i f i c  test run  i s  s to red .  Thus, should 
m a t e r i a l  be ing  used during a  test become contaminated, on ly  
t h e  q u a n t i t y  i n  t h e  "day" tank  need b e  d i scarded .  A s  p a r t  
of t h e  i n j e c t i n g  system, a  r e c i r c u l a t i n g  loop has  been included 
t o  a l low t h e  S i c 1  t o  b e  pumped t h r u  t h e  flow meter and 4 
r e tu rned  t o  t h e  "day" tank.  This  a l lows  f o r  a d j u s t i n g  t h e  
flow r a t e  p r i o r  t o  d i r e c t i n g  t h e  S i c 1  t o  t h e  r e a c t o r .  4 
Because of t h e  r e a c t i v e  n a t u r e  of S i c 1  w i th  t h e  normal 4 
atmosphere, a  method f o r  p rovid ing  argon a s  a cover gas  t o  
t h e  s t o r a g e  tanks  and a s  a  purge gas f o r  c l ean ing  t h e  l i n e s  of 
a i r  and/or  S iC l  was incorpora ted  i n t o  t h e  system design.  The 4 
argon gas i s  a l s o  used f o r  cool ing  t h e  i n j e c t i o n  nozz les  
l oca t ed  i n  t h e  r e a c t o r  when S iC l  is no t  be ing  i n j e c t e d .  An 4 
H 0 ana lyze r  and an 0 monitor a r e  included i n  t h e  argon 2 2 
Figure STC-1 - Component Location Schematic for the Sic1 System 4 
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Table STC-1 - Component Identification For The Sic1 System 4 
D r p  261EQL 
1. Ollb Gallon Sloraqe lank 
Z W Gallon Slorage Tank 
1 2' p l y - C o n n a l b n  lo  Tdnk Truck 
4 1" p l p -  Aryrn  Venl Ltna 
5 1'' pw - A r p n  Prrssur lz i lbn Llnc 
6 1" plp - SIC14 Transler L lnr  
1. 9' plpc - D n l n  Llne 
L I" pipe - SlCl4 Translor L lnr  
9. UZ' plpe -A rp ln  Purge Llne 
10. 1" pipe - C o n n r t b n  lo  SKI, l n l r l b n  Syslem 
11. I" plpc - Prassure Rallr l  Llne 
I 2  I" pip - Aryrn Venl Llne 
1 1  2' pip  - Draln Line 
14  2' Wrcesler Ball Vake - lank Truck 1111 Line 
15. 1" Wrcrster Ball Valve - h b l n  S lorqc Venl 
16 1" Worcssler Ball Vakb - M l n  Storage A r p n  PI 
11. 1" h rccs te r  Ball Vake - SKI4 Translor Llne 
I &  I" Worcosler Ball Vaive - SIC14 Transler Llns 
1% P n c u m l k  A c l u b r  - h r c e s l r r  Snrler 38 
aR UP' Worcesler 8al l  V a k r  - A w n  Pressure 
21. 1" ~ K I S ~ @ T  8111 V8k1- fl(d 
22 1" nbrcoder Ball Vake - Byprss Llna 
t l  1" W n n l e r  Ball Valve - Day Tank Venl 
24 T' Woneslcr Ball Valve - Mln Sbrrqc Draln 
25. 2' Wrcsslar Ball Vrlva - D y  Tank Draln 
?6 Pq Complnbn Flango 
n. 1" 1 9 4  Carbon S l n l  F l r n p  
2-A It' IW Carbon S l n l  Flanga 
29, I" IW Carbon S t n l  Flanpc 
Xl. 1'' 1 9 4  Carbon S l n l  Flangr 
31. 1" l5QI C a m n  Steal F l ang  
32 1" IW C a m n  S tw l  F l a n p  
33 Ortlrce Plate f b w  Mde r  
34 Slalnlsss S l n l  Flerlble C o n n r b r  
3% 1" 1 W  Carbon S l n l  Flangr 
36 1" 1%) Carbon Steel Fhry 
)I,  S K U  Llquld Lwel  Pmbe 
M I/?' Pipe Coupllng 
19. I" 1 8  Carbon Sleel F l a n g  
49. 1' 150 Carbon Slnel Flange 
41 1" 1% Carbon S I r l  f lanip 
42. 1" I'i0Crrbon S lw f  F l r n w  
4 1  I" I B C a b o n  S l n l  Flange 
64. 1" 150 Carbon S l w l  F l a n y  
4% 3" 1 9 4  Carbon S lw l  Flange 
16 2' 1104 Carbon S l n l  F l a n g  
41. 9 4 "  Stalnlsss S l n l  Flerible Connutor  
4R VlpJr T r g  - Mln Tank 
49. &Islure T r q  
n c h r k v a l v t  
51. h l r m l d  Valve - Acludrd by Pressure Switch 159 
Y, #IT' Nupm Sblnlars S lw l  Be lkwi  Valve 
5 1  3/1" Worcaslar Ball Vaka 
Y 3/8" Shlnless S l n l  Plug Valve br V r u u m  
55 Prerrur r  - Pump I n l d  P r r r r u r r -  33" lo 15psl 
5h M l l b n  Roy DlIpl ir lgm Pump 
57. Accumulabr 
5& G m a  Syslem Ovsr Pressure Ralld Valve 
5R Mercold Pressure Swltch 
ressura 6a h b l n  Fbw Mds r  Or l lke  Plala Type 
61. Byplss B r k  Pressure R y h r  
62 P r c r s u n  U u p  - Purnp Ou l l d  Prersurr - 0  - 100 psi 
61 Piqmr lbn lng Vake 
M I n i r l V a k e  
6% By Pars V I e  
66 3 Wly Srmpllnq Valve 
67. Sample lnld Velvr 
M Sample Fbwmder 
bP. Sam~le Pressure Rqu l *o r  
10. ChrkVa l ve  
11. Bbmbwn h l s w l d  Valve 
12 VIpor Trrp - D y  Tank Purga Llne 
73, Bb*dpwn F bwmder  
7 4  cM prig Ruplurr D l u  
75. Y 8" Plug Valve Bbwmwn 
16 Prnsu ro  Gaug  - M l n  A w n  Gu Prassurc 0 - 1M psl 
77. YB' Plug V ~ l v e  -Arppn Purity 
7R Panamdrk Kg! AMlyrer  
19. W$rllnghquse 0 2  M n l b r  
la P r n r u r r  Rqu l& r  - System + B w s s  War  Prer rur r  
81. Pr tssur r  Gauy - 0  - 10m @I (ktr Prnsurm R d l d  
& Fbwmdar - Arcpn M l n  F b *  
8 1  Pressure Rellrf VaNr 
B( Prossun Gau~&!-0 - 15pr l  
8 l  Prnsu re  G w g  - 0 - M psl 
sh 1" Yvorcssttr Ball V4kc - Day Tank Vgnl 
87. 10 pslg Rupture D l w r  
I 9 pslg RuHurr  D l ~ r  
89. MO prig Pressure Rellel 
90. C h a k V a k e  
91, Pressure R@qtlltor 
9 2  A r w n  Vaot P u r q  Valve 
9 1  SV-93 Bbw.bwn 
91 116' Nupm S b l n l a r  Sleel B t l b w  Valve - 
S b h m  D n l n  
9% L z z l e  Cmllng A r p n  Fbwmder 
Oh YI" Nupm Stslnlesr S t u l  BelbwsValva 
91. Y t '  Nupm Stalnlesr Stccl Bdbws Valve 
Pa C h c k V a k s  
99. A r p n  P r a s u r r  Requl lbr  
100. V q o r  l r p  
101. C h ~ k V a k a  
102 1'' H b ~ d t r  Ball Valve - hbln Sbrrgs Venl 
101  Solemld Valve 
1 M  h l r m l d  Valve 
105 R d I d V a k o  
106 ChekVaNe 
101. Mln Tank A r p n  Valve 
109 By Pass Thrd l lng Valve 
109, Prrssure Gaup  - 0 - 60 psl 
110. Pressure Gauge - 0 - M psi 
Ill. Pressure U u p  - 0  - 15 psl 
112 SIC4 Bbw Down Tank 
111 A r p n  P r a s u r r  Regulator 
114 RaIId VaCr 
115. ReIId Vabr  
114 C h r h V a k e  
Ill, Sample M l c  
1 lU  C n a k V a k c  
119. C h r k V a k e  
la), 111' Nupm Slalnlns Steel Btlbws Valve 
In. Yf '  Nupm S b l n l n s  S l n l  Bt lbws Valve 
122 YC' Nupm Stainlns Slesl Ballows Valve 
121 Slnpl lnq Cylln&r 
124 Pressure Rogulabr 
125. Pressure Gaugr - 0 - bo psi 
1 1  Pressure R q u k t o r  
127. Pressure Gauge - 0 - M psi 
1?& Prtssurr R q u l a b r  
129. By Pass Valve 
ID. Yressure Gauge-0 - I S p n  
111. Fbwmdtr  - Panrmdrlcs 
132. FbwmderVenl 
131 fbwmderVen(  
IN bbpdsi ~~A~.~IL$>uIL LJ~JLI 
135. A r p n  Nozzle Cmllng Gas Valve 
cover gas  loop s o  t h a t  t h e  p u r i t y  of t h e  gas  can be  checked 
dur ing  t e s t i n g .  The des ign  of t h e  SiC14 system inc luded  an 
i n f r a r e d  process  ana lyzer  f o r  r e a l  t ime a n a l y s i s  of t h e  S i c 1  4 
p u r i t y .  However, an  ana lyzer  was no t  b u i l t  i n t o  t h e  system 
used f o r  t e s t i n g  because a  s u i t a b l e  s u p p l i e r  could n o t  be  
found, b u t  a  method f o r  t ak ing  "grab samples" has been 
provided. To pump S i c 1  t o  t h e  r e a c t o r  a  "Milton Roy Diaphram 4 
Pump" is used wi th  a  capac i ty  of 1 1 . 4  l i t r e l m i n  ( 3  gal lmin) .  
The S i c 1  i s  h y d r a u l i c a l l y  i n j e c t e d  i n t o  t h e  r e a c t o r  v i a  4 
t e n  commercially a v a i l a b l e  nozz les  suppl ied  by Spraying Systems 
Co., Whelton, Ill. The nozz les  a r e  spaced e q u i d i s t a n t  around 
t h e  per iphery  of t h e  r e a c t o r  and a r e  suppl ied  from a cominon 
manifold. The S i c 1  e n t e r s  t h e  r e a c t o r  chamber i n  t h e  form 4 
of a  uniform, f i n e  m i s t  of l i q u i d  d r o p l e t s .  
A p a t e n t  has  been i ssued  on t h e  des ign  of t h e  S i l i c o n  
Te t r ach lo r ide  Feed System. Photographs of t h e  main s t o r a g e  
tank  and t h e  I n j e c t i o n  Control  Module a r e  shown i n  F igu re s  (STC-2) 
and (STC-3) , r e s p e c t i v e l y .  
I n s t a l l a t i o n  of t h e  s i l i c o n  t e t r a c f ~ l o r i d e  s t o r a g e  and f eed  
system was completed i n  October,  1979 and t h e  system func t ioned  
s a t i s f a c t o r i l y  dur ing  t h e  December 8, 3979 r e a c t a n t  test .  
Figure STC-2 - Photograph Of The Main Sic1 Storage Tank Installation 4 
F i q u r e  STC-3 - Front P a n e l  Of The S i C I G  I n j e c t i o n  Module 
.'+- 5 4  
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4.7 Sodium Storage and Feed System 
The purpose of  t h e  sodium s t o r a g e  and feed system i s  t o  
d e l i v e r  sodium t o  t h e  plasma r e a c t o r  a t  t h e  flow r a t e ,  p u r i t y  and 
cond i t i on  r equ i r ed  by t h e  process .  The major des ign  goa l s  were 
t o  des ign  t h e  system t o  neet t h e  above requirements  wi th  t h e  minimum 
danger t o  personnel ,  and wi th  t h e  maximum r e l i a b i l i t y  w i t h i n  
reasonable  c o s t  and time r e s t r a i n t s .  F l e x i b i l i t y  was a l s o  a 
des ign  goal .  Although i n i t i a l  s i l i c o n  product ion tests were 
conceived a s  being r e l a t i v e l y  s h o r t  t e r m  (3  t o  2 hours)  ope ra t i ons ,  
t h e  sodium system was designed f o r  long t e r m  ( s eve ra l  hou r s ) ,  
cont inuous ope ra t i on .  
The r e a c t i v e  n a t u r e  of sodium w i t h  normal, atmosphere and t h e  
f a c t  t h a t  sodium i s  i n  t h e  s o l i d  s t a t e  a t  normal ambient temperatures  
r equ i r ed  s p e c i a l  system des ign  cons ide ra t i ons .  An i n e r t  gas  system 
was designed t o  provide  cover gas over t h e  e n t i r e  sodium system, 
thus e l imina t ing  con tac t  wi th  air. E l e c t r i c a l  r e s i s t a n c e  h e a t e r s  
and thermal  i n s u l a t i o n  were designed f o r  i n s t a l l a t i o n  over  t h e  
e n t i r e  sodium system t o  h e a t  t h e  system above t h e  sodium me l t i ng  
po in t  of 98OC. 
The system was conceptual ly  designed a s  i l l u s t r a t e d  i n  
F igure  (SS-1). I t e m  "B" r e p r e s e n t s  t h e  55 g a l l o n  (420 l b s . )  
sodium t r a n s p o r t  drums commercially suppl ied  by a sodium manufacturing 
p l a n t .  Sodium i s  l i q u i f i e d  and dra ined ,  one drum a t  a t i m e ,  i n t o  
t h e  base  tank,  i t e m  "A". From t h e  base tank ,  sodium i s  pumped 
by t h e  e lec t romagnet ic  pump (itzm "C"), through t h e  flowmeter 
( i tem "J"),  through one of t h e  s i n t e r e d  meta l  f i l t e r s  ( i tem "E"), 
and i n t o  t h e  chemical r e a c t o r .  During check-out and p r e s t a r t  
ope ra t i ons ,  va lve  Na-14 can b e  c losed  and Na-13 opened a l lowing  
t h e  sodium t o  r e c i r c u l a t e  through t h e  base  tank.  
Cover gas  p r e s s u r e  is con t ro l l ed  s e p a r a t e l y  over t h e  sodium 
5- 10 psq 
F i g u r e  SS-1 - Sodium Supply  System 
a- Sodium Base Tank 
@- SUIIIJ~ D N ~ S  
@- EM Pump 
@- p r e s s u r e * I d b  
@- Mkm Wlk  F i h n  
0- v 8 ~ ? n p  
@- FluaMtw 
@- ~ h d o t w ~ i c  P r e s w n  ~mtni 
0- Mwt P*s 
@- Sailurn Fl..ICII 
d- Pressure RIII* YUW 
x- Hand OFeratdl Valve 
m- Remote ActiiaM Valve 
- SaliumLine 
---- Argon Lina 
drums and t h e  base tank. This  a l lows  sodium t o  d r a i n  f r e e l y  i n t o  
t h e  base tank  by g rav i ty .  The sodium l e v e l  i n  t h e  base tank  1s 
con t ro l l ed  au tomat ica l ly  by sens ing  t h e  l e v e l  wi th  t h e  l e v e l  
probes ( i tem "I") and ope ra t ing  t h e  sodium d r a i n  va lves  (Na-6, 
7 & 8) .  Each sodium drum is  a l s o  equipped wi th  a p re s su re  r e l i e f  
va lve  (R-1 t h r u  5) t o  l i m i t  t h e  i n t e r n a l  drum p res su re  t o  l e s s  
than  5 ps ig  i n  ca se  of a  malfunct ion of t h e  drum cover gas  p re s su re  
c o n t r o l  system. 
The sodium system i s  designed and cons t ruc ted  b a s i c a l l y  from 
300 S e r i e s  s t a i n l e s s  s t e e l .  The low s o l u b i l i t y  of i r o n  
(C 5 wppm) and o the r  elements i n  sodium at  t h e  pro jec ted  ope ra t ing  
temperature between 150 and 200°C w i l l  prevent  contamination of 
t h e  s i l i c o n  product by t h e  sodium feeds tock .  The sodium i n j e c t i o n  
nozzle ,  however, may erode because of t h e  h igher  sodium v e l o c i t y  
through t h e  nozzle  and impingement of p a r t i c l e s  on nozz le  su r f aces .  
Therefore,  p a r t s  of t h e  nozz le  a r e  being cons t ruc ted  from 
Hastel loy which w i l l  no t  contaminate t h e  s i l i c o n  product ( i . e . ,  
lower t h e  pho tovo l t a i t  e f f i c i e n c y )  i f  e ros ion  occurs .  
A c r i t i c a l  component of t h e  sodium s t o r a g e  and i n j e c t i o n  
system is t h e  sodlum i n j e c t i o n  nozzle .  The sodium must b e  
i n j e c t e d  i n  a f i n e  spray  of p a r t i c l e s  so t h a t  complete vapor i za t ion  
occurs  w i th in  a  reasonable a x i a l  l eng th  of t h e  a r c  heated chemical 
9 r e a c t o r  chamber. P a r t i c l e s  w i th  medium volume diameters  (M'W's) of 
< 200 microns a r e  requi red .  
i: A nozzle  design which overcomes many i n j e c t i o n  problems 
<* 
+i "+ is  t h e  SonicoreQatomizing nozz le  from t h e  Sonic Development Corp., 
I 
Upper Saddle River ,  New J e r sey .  This  nozz le  breaks up t h e  l i q u i d  
!I 
w i th  self-induded son ic  energy pu l se s  and produces very  smal l  
I 
v: p a r t i c l e  s i z e s  a t  comparatively l a r g e  l i q u i d  £,lows. This  nozzle 
; p 
l was s e l e c t e d  a s  t h e  primary choice  f o r  t h e  system& 
< 
A normal f langed arrangement has been designed f o r  housing 
t h e  sodium i n j  e c  t i o n  nozz l e  and i n s t a l l i n g  I.t i n t o  t h e  chemical 
r e a c t o r .  This  is  shown schemat ica l ly  i n  F igure  ( S S - 2 ) -  It 
f e a t u r e s  n jacked thermal  c o n t r o l  system f o r  hea t ing  t h e  nozz l e  
during. s t a r t -up  and cool ing  t h e  n c z z l e  du r ing  f u l l  power: opera t ion .  
The sodium-potassium e u t e c t i c  ( N ~ K  78) was chosen as t h e  hea t  
t r a n s f e r  f l u i d  because i t  i s  compatible  wit11 t h e  system should a 
l e a k  occur ,  It can ope ra t e  e f f e c t i v e l y  throughout: the. r equ i r ed  
temperature  rango and i s  l i q u i d  a t  normal room temperature.  
F igu re  ( S S - 3 )  is a schematic r e p r e s e n t a t i o n  of the  NnK system. 
NaK i s  pumped by an c lac t romagnet ie  pump through a 10  kW 
NaK h e a t e r ,  where t h e  temperature i s  au toma t i ca l l y  con t ro l l ed  as 
r equ i r ed .  The NaK then flows through t h e  j a c k e t  of the sodium 
i n j e c t i o n  nozz l e  where i t  een e i t h e r  gfi$e up o r  absorb h e a t ,  
depending upon t h e  ope ra t i ng  mode of  t h e  chemical r e a c t o r .  From 
t h e  nozz le ,  t h e  NaK flaws throug'tl a heat  exchanger where t h e  
atomizing gas  f o r  t h e  sodium nozz le  i s  preheated.  The NaK flow 
then cont inues  through a 1 0  kT? NaK/air h e a t  exchanger, where t h e  
NoK temperature  i s  cooled below t h e  s e t  p o i n t  of t h e  NaK h e a t e r ,  
and f i n a l l y  t h e  NaK flows back t o  t h e  pump i n l e t ,  
I n s t a l l a t i o n  a£ t h e  hardware po r t i on  of t h e  sodium system 
was completed i n  March 1979,  The a p p l i c a t i o n  oE t r a c e  h e a t e r s  and 
i n s u l a t i o n  and e l e c t r i c a l  w i r ing  were completed i n  October oE 1979. 
A photograph of t h e  conlpleced system u t  the Arc Heater test 
Snc i lLry  i n  Eas t  P i t t sbu rgh  is  shown i n  F igu re  ( S S - 4 ) .  Figure  (SS-5) 
i s  n photograph of t h e  Sodium System Cont ro l  Pane l ,  
Reacbr End Plate 
Figure SS-2 - Sonicore Nozzle Cooling System 
Tank 
Figure SS-3 - NaK Loop For Na Nozzle Temperature Control , 
w ManwlVatve 
Z Mechanical Connection 
lotograph of Sodium System Instal . l a t  ion 
ricurc 55-5 - Photo~raph Of The Sodium System Control Panel O?lG!NAL PAGE 
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4.8 Silicon Collection System 
It is the function of the silicon collection system to 
collect the liquid silicon product leaving the walls of the 
cyclone separator and to preserve the purity of the product 
without the introduction of additional contaminants. Since 
the shakedown tests were planned to be short in duration, a 
batch type collection system was selected over a continuous 
casting method which would be much higher in cost. The batch 
type collector was sized to hold the silicon produced from a 
minimum of one hour continuous processing. The collector is 
attached to the bottom of the silicon cyclone. The design 
consists of a water cooled steel vessel lined with a layer 
of refractory insulation creating a cavity to receive a graphite 
crucible holder. The maximum dimension of the graphite is 
30 inches O.D. in order to simplify raw material procurement. 
A transition ring between the cyclone and the holder is the only 
large graphite component necessary. This ring serves to direct 
flow of the product leaving the cyclone. The ring is coated 
with pyrolytic graphite to reduce product contamination since 
all graphite grades in 30 inch O.D. and larger are quite 
impure (i.e., >lo00 ppm total impurities). 
The graphite crucible holder is lined with an opaque, fused 
quartz crucible. The quartz crucible liner is separated from 
the graphite holder by a layer of alumina-ceramic fiber felt 
and is held in place by the graphite transition ring. Figure (SC-1) 
is a cross sectional drawing of the silicon collector. The 
design of the silfco: ollection vessel was completed in 
March 1978. 
For the test conducted on December 8, 1979 it was decided 
to replace the fused quartz crucible and graphite transition 
C '  
ring with a less expensive expendable crucible. The expendable 
Figure SC-I - Cross Sectional Drawing Of The Silicon Collector 
- 
0 2 4 5 8  
Scale-Inches 
crucible as shown in Figure (SC-2) consists of a stainless 
steel can filled with a castable refractory similar to the 
insulation brick. A cavity was molded into the casting to 
provide for product collection. Assembly and installation 
of the expendable collector was completed in February 1979. 
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Figure  SC-2 - Cross Sec t iona l  Drawing O f  Expendable S i l i c o n  Col lec tor  For Shakedown Experiments 
4.9 Effluent Disposal System 
The effluents (by-products) from the plasma reactor and 
silicon separator (cyclone) consist primarily of NaCl (vapor) 
and Ar-H arc heated gases. However, small amounts of excess 2 
reactants Na or Sic1 uncondensed silicon, and limited amounts 4 ' 
of Si subchlorides may be present in the effluent gas. Therefore, 
some method for cooling the arc heated gases and removing 
pollutants before burning off the hydrogen was necessary. The 
system designed consists of a venturi quencher-scrubber, a 
packed column scrubber demister, an effluent treatment along 
with automatic pH monitoring and control equipment and all 
interconnecting piping between each piece of equipment. The 
venturi queneher-scrubber is located downstream of the silicon 
cyclone and is connected to the cyclone with an insulated 
U-bend section of piping. Figure (ED-1) is a photograph of 
the venturi quencher-scrubber and the packed column scrubber- 
demister. Figure (ED-2) is a photograph of the effluent treatment 
tank installed beneath the gas burnoff stack (reported in the 
following sections). 
i? The gases (argon and hydrogen) and the sodium chloride 
vapor exit the cyclone and enter the venturi at a temperature 
of approximately 2300°K. A spray of water (25 gpm) cools the 
gases to approximately 300°K and the sodium chloride vapor 
C condenses to crystals. As the gases and solids pass through 
the throat of the venturi, most of the sodium chloride crystals 
are scrubbed out of the gases. Any salt that passes onto the 
packed column with the gases is scrubbed out with water 
ET: (150-200 gpm) as are other chlorides such as KC1 that might 
i have been formed in the reactor. The gas scrubbing equipment 
i is reported to be 954 efficient for all particles 0.1 micron 
I in diameter or larger and 99% efficient for all particles i 
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Figure ED-1 - Photograph O f  The Venturi Quencher-Scrubber And The Packed Column 3emister 
f 
Figure ED-2 - Photograph Of The Gas Burnoff Stack And Effluent Treatment Tank (installed Beneath Stack) 
The water from the scrubbing system enters the effluent 
treatment tank where the pH of the water is continuously 
monitored. If the pH falls outside of a range from 5.5 to 9, 
then the pH is adjusted automatic,ally by adding either a 20% 
solution of NaOH or a 32% solution of HC1. The pH of the effluent 
is monitored again just before it enters the drain. 
Installation of the Effluent Disposal System was completed 
in October, 1979. 
4.10 Gas Burnoff Stack 
The Westinghouse Arc Heater process for producing silicon 
utilizes hydrogen gas as a heat transfer medium. After passing 
through the reactor and scrubber the hydrogen exits the process 
and must be disposed of. The purpose of the burnoff stack is 
to burn the hydrogen gas a b ;  it leaves the system. The stack 
as designed is a jacketed water cooled pipe approximately 
3 feet in diameter and 25 feet high. The bottom and top 
ends of this stack are open to the atmosphere. The exhaust 
mixture of hydrogen and argon enters the base of the stack at 
a central location and is ignited by an attached igniter 
torch. Air for combustion is supplied by aspiration and natural 
draft at the base of zne stack. Figure (ED-2) in the Effluent 
Disposal. Section of this report includes a photograph of the 
gas burnoff stack. 
Installation of the gas burnoff stack including igniter 
was completed in February of 1979, Operation of the stack 
during the December 8, 1979 reactant test proved to be both 
safe and relfable. 
4.11 Decontamination and Sa fe ty  
The o b j e c t i v e  of t h i s  t a s k  i s  t h e  e l i m i ~ i a t i o n  of pe r sona l  
i n j u r i e s ,  occupat iona l  d i s e a s e s ,  o r  p roper ty  damage r e s u l t i n g  
from acc iden t s ,  work exposures ,  o r  t h e  products  produced. To 
ach i eve  t h i s  o b j e c t i v e  t h e  fol lowing was proposed: 
Provide s a f e  and h e a l t h f u l  working cond i t i ons  
t o  t h e  maximum e x t e n t  p r a c t i c a b l e  f o r  a l l  
employees. 
Make a v a i l a b l e  s a f e t y  devices  and persona l  
p r o t e c t i v e  equipment whenever t h e i r  u se  was 
warranted.  
The equipment t h a t  was purchased and i n s t a l l e d  can be  
d iv ided  i n t o  two ca t ego r i e s .  F i r s t ,  t h e r e  is equipment f o r  
system s a f e t y  or gene ra l  s a f e t y  of personnel ,  equipment, and 
f a c i l i t i e s ,  and second i s  t h e  equipment o r  dev ices  f o r  s p e c i f i c  
pe r sona l  s a f e t y .  I n  t h e  ca tegory  of system s a f e t y  i s  emergency 
v e n t i l a t i o n  equipment i n  t h e  s i l i c o n  t e t r a c h l o r i d e  pump room, 
t h e  sodium room, t h e  s i l i c o n  test c e l l  and t h e  blowout pane ls  
in t h e  s i l i c o n  test c e l l .  Also i n  t h i s  ca tegory  a r e  t h e  
hydrogen gas and oxygen concent ra t ion  d e t e c t i o n  and alarm u n i t s  
l o c a t e d  i n  t h e  S i c 1  s t o r a g e  and pump a r e a s ,  t h e  sodium pump 4 
room and the  s i l i c o n  test cel l*  The v e n t i l a t i o n  equipment i s  
r equ i r ed  because of t h e  h igh ly  r e a c t i v e  n a t u r e  of sodium and 
s i l i c o n  t e t r a c h l o r i d e  should t h e s e  m a t e r i a l s  come i n  con tac t  
wi th  t h e  environment. The blowout pane ls  and t h e  hydrogen gas  
d e t e c t o r  a r e  r equ i r ed  because o f  t h e  exp los ive  p o t e n t i a l  of 
sma l l  concen t r a t i ons  of hydrogen i n  air. The oxygen l e v e l  
d e t e c t o r  i s  r equ i r ed  t o  i n s u r e  t h e r e  i s  a  s u f f i c i e n t  q u a n t i t y  
of  oxygen i n  t h e  air  t o  suppor t  l i f e .  Argon i s  heavier  than 
air ,  does n o t  suppor t  l i f e ,  and could c o l l e c t  i n  low o r  s t a g n a n t  
p a r t s  of  t h e  bu i ld ings  should n l e a k  occur .  TL, f i r e  f i g h t i n g  
equipment l oca t ed  i n  each room of t h e  Arc Heater Laboratory 
i nc ludes  f i r e  ex t ingu i she r s  f o r  f i g h t i n g  g e n e r a l  f i r e s ,  e l e c t r i c a l  
f i r e s  and l i q u i d  meta l  f i r e s .  Tnis  equipment i s  a l s o  considered 
p a r t  of system s a f e t y .  The l a s t  item i n  t h e  system s a f e t y  
category i s  t h e  "Emergency dhutdown C i r c u i t "  t h a t  i n t e r l o c k s  
a l l  t h e  subsys ten~s  togettier i r .  such a manner t h a t  by a c t i v a t l n g  
any one of t h e  f o u r  emergency s t o p  bu t tons  a l l  systems a r e  
placed i n  a  f a i l  s a f e  mode and s h u t  down au toma t i ca l l y .  The 
emergency s t o p  bu t tons  a r e  l oca t ed  on each of t h e  fou r  c o n t r o l  
pane ls  ( e l e c t r i c a l ,  sodium, s i l i c o n  t e t r a c h l o r i d e ,  and main 
process ) .  
I n  t h e  ca tegory  of pe r sona l  s a f e t y ,  each ope ra to r  was 
i s sued  app rop r i a t e  s a f e t y  equipment i nc lud ing  hard h a t  w i t h  
f a c e  s h i e l d ,  s a f e t y  gaggles ,  s a f e t y  g l a s s e s ,  and a chemical 
type  r e s p i r n t o r .  I n  a d d i t i o n ,  each ope ra to r  was i s sued  a 
con~p le t e  set of p r o t e c t i v e  c l o t h i n g  a p p r o p r i a t e  f o r  t h e  p a r t i c u l a r  
m a t e r i a l  being handled, i .e . ,  l e a t h e r  s u i t s  f o r  working around 
l i q u i d  sodium, and v i n y l  s u i t s  f o r  working around SiC14. i~,,so 
given t o  each ope ra to r  was a  copy of t h e  Sa fe ty  Manual w r i t t e n  
f o r  t h e  JPL P r o j e c t .  There a r e  a l s o  a v a i l a b l e  two se l f -conta ined  
r e s p i r a t o r s  wi th  a i r  tanks.  One i s  l o c a t e d  i n  t h e  sodium 
c o n t r o l  room t h e  o t h e r  i s  i n  t h e  main c o n t r o l  room. 
To i n s u r e  c o n t i n u i t y  of t h e  two s a f e t y  c a t e g o r i e s ,  two 
ope ra to r  s a f e t y  t r a i n i n g  se s s ions  u e r c  conducted. The f i r s t  was 
conducted on October 10, 1979 a t  t h e  (W) R&D Center and t h e  second 
was conducted on Cctober 11, 1979 a t  t h e  (W) Arc Heater Laboratory. 
A copy aE t h e  agendas for t he se  t r a i n i n g  s e s s i o n s  i s  shown i n  
F igures  (DS-I) and (DS-2).  f n  a d d i t i o n ,  th:, \Jestinghouse Eas t  
P i t t sbu rgh  i n  p lant :  E i re  S igh t ing  personnel  were a l s o  81.ven 
t r a i n i n g  i n  Eig11tin.g Xiquid sodium f i r e s  and shown t h e  l o c a t i o n  oC 
i. 
I all Eire Pig ' t~ t ing  ecluipment w i th in  t he  Arc Neater  I;nboratory. 
I. 
OPERATOR TRAINING SESSION I 
8:30 A.M. - October 10,  1979 
B u i l d i n g  303 - R&D Cente r  
S a f e  Handling Of Sodium & NaK ......................... A. R. Keeton 
Proper  ties 
Hea l th  Hazards 
F i r e  Hazards --- Demonstration 
P r o t e c t i v e  C l o t h i n g  
F i r s t  Aid 
Handling Of Smal l  & Large S p i l l s  
Emergency Procedures  
S a f e  Handling Of S i l i c o n  T e t r a c h l o r i d e  -------- G. C. Burrow, P. A .  Ciarel l i  
P r o p e r t i e s  
Hea l th  Hazards 
Handling 
P r o t e c t i v e  C l o t h i n g  
F i r s t  Aid 
Handling Of SiC14 S p i l l s  
Opening SIC14 Closed Systems 
Emergency Procedures  
F i g u r e  DS-1 
OPERATOR TRAINING SESSION I1 
8:30 A.M. - October 11, 1979 
MX-10 Lab, East Pittsburgh 
Arc Heater & Reactor System ................................. T. N. Meyer 
Precautions During Assembly & Disassembly 
Effluent Disposal .......................................... J. W. George 
Scrubber, Demister & Piping 
Precautions During Disassembly 







Electrfcal system .......................................... P. E. Martin 
General Precautions 
Specific Hazards 
Location Of Main Breakers 
f Gas System ................................................. J. W. George 








Location Of Main Hand Valves 
Cooling Water System ....................................... J. W, George 
General Precautions 
Maintenance 
Location Of Shutoff Valves 
Backup System Function 
I General Emergency Procedures ......................... J, W. George, T. N. Meyer 
a Before, During & After Operation 
k Effect & Consequences 
.I 




Three p rocedure  manuals were prepared  f o r  t h i s  p r o j e c t  t o  
i n s u r e  a s a f e  and r e l i a b l e  t e s t i n g  program. The s p e c i f i c  manuals 
a r e  1 )  a  s a f e t y  manual, 2) a  sys tem o p e r a t i o n a l  manual, and 3) an  
a n a l y t i c a l  p rocedures  manual. The s a f e t y  manual encompasses a l l  
phases  of sys tem and p e r s o n n e l  s a f e t y  i n  terms of  sodium h a n d l i n g ,  
SiC14 hand l ing ,  h i g h  t empera tu re  sys tems,  e l e c t r i c a l  sys tems,  
g a s  sys tems,  mechanical  sys tems,  pe rsonne l  p r o t e c t i o n ,  f i r e  
s a f e t y ,  decon tamina t ion ,  emergency s i t u a t i o n  p rocedures ,  e t c .  
T h i s  manual s e r v e d  a s  t h e  document f o r  t r a i n i n g  t h e  sys tem 
o p e r a t o r s .  
The o p e r a t i o n  manual d e t a i l s  p rocedures  f o r  checkout ,  
s t a r t - u p ,  test o p e r a t i o n ,  shutdown and p o s t  test o p e r a t i o n  o f  t h e  
subsystems and o v e r a l l  e x p e r i m e n t a l  v e r i f i c a t i o n  system. T h i s  
manual was a l s o  used f o r  o p e r a t o r  t r e i n i n g .  
F i n a l l y  t h e  a n a l y t i c a l  manual d e s c r i b e s  t h e  methods, 
p rocedures  and requ i rements  f o r  e v a l u a t i n g  t h e  s i l i c o n  system. 
Shakedown Tests ,  
I n i t i a l  shakedown tests of t h e  subsystems began i n  e a r l y  1979. 
Tes t s  were conducted on the  gas,  cool ing  water ,  e l e c t r i c a l ,  and 
a s soc i a t ed  c o n t r o l  and ins t rumenta t ion  systems. The r e a c t o r  and 
burnoff s t a c k  were operated toge the r  f o r  t h e  f i r s t  t i m e  i n  la te  
s p r i n g  of 1979 on a mixture of hydrogen and argon b u t  no a r c  power. 
No l e a k s  were de tec ted  i n  t he  r e a c t o r  and t h e  burnoff s t a c k  
performed s a t i s f a c t o r i l y .  Shakedown t e s t i n g  of t h e  a r c  h e a t e r s /  
r e a c t o r  proceeded wfth a n  e l e c t r i c a l  power input  l e v e l  of 
100 kW t o  125 kW. I n i t i a l l y  t h e  a r c  h e a t e r s  were run  on pure  
argon only. A second run  made w i t h  power t o  t h e  a r c  h e a t e r  used 
a mixture of hydrogen and argon gases  ( i . e . ,  i n  t h e  0.5 H g : l  A r  t o  
1 H 2 : l  A r  range) and a power l e v e l  of 300 kW t o  750 kW. The 
v a r i a b l e  power l e v e l s  were obtained by vary ing  t h e  output  v o l t a g e  
of t h e  genera tor  and changing t h e  gas composition and flow r a t e .  
The a r c  h e a t e r / r e a c t o r  was opera ted  succes s fu l ly  f o r  a per iod  
of 2 hours dur ing  t h i s  second run ,  
During August 1979 another  s e t  of gas  only t e s t s  was conducted 
t o  cont inue  shakedown of t he  a r c  h e a t e r / r e a c t o r ,  t h e  gas ,  water  
and t h e  c o n t r o l  and ins t rumenta t ion  systems, The tests were used 
t o  determine opera t ion  c h a r a c t e r i s t i c s  of t h e  a r c  h e a t e r s  and t o  
e s t a b l i s h  optimum flow r a t e s  and gas r a t i o s .  Following t h i s  
series of t e s t s  i t  w a s  determined t h a t  t h e  c a p a b i l i t y  of t h e  l i q u i d  
argon evapora tors  had t o  be increased  i n  s i z e  and t h e  r e g u l a t o r s  
f o r  t h e  argon supply had t o  be  changed t o  i nc rease  capac i ty .  I n  
a d d i t i o n  one of t h e  two hydrogen r e g u l a t o r s  a t  t h e  tube t r a i l e r  
had t o  be rep laced  due t o  leak ing .  Also noted dur ing  t e s t i n g  was 
a malfunct ioning of t h e  i g n i t e r  i n  t h e  gas burnoff s t a c k .  The 
o r i g i n a l  i g n i t e r  had a flame monitor ing and r e l i g h t i n g  c i r c u i t  
t h a t  would at tempt  t o  r e l i g h t  t h e  i g n i t e r  flame i f  i t  should go 
out .  This c i r c u i t  began malfunct ioning and a f t e r  s e v e r a l  r e p a i r  
a t tempts ,  i t  was rep laced  wi th  a thermocouple device  t h a t  monitors  
t h e  flame and s h u t s  o f f  t h e  propane supply t o  t h e  i g n i t e r  and 
ene rg i ze s  p a r t i a l  system shutdown i f  t h e  temperature drops below a 
p r e s e t  po in t .  The i g n i t e r  must b e  manually l i g h t e d  o r  r e l i g h t e d .  
I n  September 1979 an a r c  h e a t e r / r e a c t o r  test was conducted 
w i t h  t h e  a r c  h e a t e r  running f o r  a p e r i a l  i n  excess  of 3 hours .  
Examining d a t a  from t h i s  test ,  i t  was determined t h a t  t h e  thermal  
e f f i c i e n c y  of t h e  a r c  h e a t e r s  was marginal .  Two a d d i t i o n a l  
gas  only a r c  h e a t e r  tests were conducted i n  October 1979 t o  v e r i f y  
t h i s  f i nd ing .  The power per  a r c  h e a t e r  was va r i ed  from 380 kW 
t o  530 kW w i t h  gas f lows ranging from 56 scfm (1.6 m3/min) t o  
112 scfm (3.2 m3/min) and 4 H 2 : l  A r  gas  mixture .  The r e s u l t s  
v e r i f i e d  t h e  f i nd ings  made i n  September and t h e  arc h e a t e r s  were 
modified by p l ac ing  a g r a p h i t e  l i n e r  i n  t h e  bore  of t h e  e l e c t r o d e s  
t o  reduce h e a t  l o s s  t o  t h e  cool ing  water  and t o  improve h e a t  
t r a n s f e r  from t h e  a r c  t o  t h e  gas.  I n  November 1979 a s i n g l e  
modified arc h e a t e r  was succes s fu l ly  t e s t e d  i n  t h e  r e a c t o r .  The 
p o r t s  i n  t h e  r e a c t o r  f o r  t h e  o t h e r  arc h e a t e r s  were blanked o f f .  
During t h e  t e s t  t h e  f low of hydrogen and argon gas  was v a r i e d  
frcm 60 scfm (1.7 m3/min) t o  80 scfm (2.3 m3/min). An a r c  power 
l e v e l  of 575 kW was a t t a i n e d  and a thermal  e f f i c i e n c y  exceeding 
705: was achieved. The maximum gas temperature  was determined t o  
be  about  4000°K. 
Based on t h e  success  of t h e  November test  a f u l l  system test 
was scheduled and conducted on December 8 ,  1979. It was planned 
t o  run  t h e  a r c  h e a t e r s  a t  a combined power level  of  1500 kW, a 
gas  f low r a t e  of  255 scfm (7 .2  m3/min), a gss r s t i o  of 4 H :1 Ar, 2 
and a r e a c t a n t  f eed  r a t e  equ iva l en t  t o  a product ion  rate of 
I 100 pounds (45.4 kg) of s i l i c o n  pe r  hour.  I n  o rde r  t o  prehea t  
t h e  r e a c t o r  p r i o r  t o  i n j e c t i n g  r e a c t a n t s ,  t h e  a r c  h e a t e r s  were 
' .- 
9 
I run  f o r  approximately 1 1 / 2  hours a t  a power l e v e l  of 1500 ktq, 
& 
i, a gas  flow r a t e  of 254 scfm (7.2 m3/min) and a gas  r a t i o  of 
<I  F : 5-3 
I 
4 H 2 : l  A r .  During t h i s  time per iod ,  t h e  r e a c t o r  i n s i d e  w a l l  tem- 
pe ra tu re  d id  not  go above approximately 900°K, bu t  i t  was decided 
t o  go ahead with t h e  i n j e c t i n g  s f  t h e  r e a c t a n t s .  However, a f t e r  
having run  t h e  motor/generator set t o  provide 1500 kW of power t o  
t h e  a r c  h e a t e r s  dur ing  t h e  prehea t  per iod ,  t h e  temperature of t h e  
motor was p reca r ious ly  c l o s e  t o  t h e  thermal t r i p  po in t  and t h e  
t r i p  energized. Therefore,  t h e  power t o  t h e  a r c  h e a t e r s  w a s  
reduced s l i g h t l y  t o  approximately 1400 kW be fo re  in t roduc ing  t h e  
r e a c t a n t s .  
While t h e  r e a c t o r  was be ing  preheated,  t h e  sodiun and S i c 1  4 
flows were placed i n  t h e  r e c i r c u l a t i n g  mode and t h e  r a t e s  ad jus t ed  
t o  50% of t h e  des i r ed  product ion r a t e  of 100 pounds (45.4 kg) 
per  hour of s i l i c o n .  
I n j e c t i o n  of S i c 1  i n t o  t h e  r e a c t o r  was i n i t i a t e d  f i r s t .  4 
The flow r a t e  s t a b i l i z e d  wi th in  two minutes and then t h e  sodium 
was introduced,  The flow r a t e  of sodium a l s o  s t a b i l i z e d  very  
quick ly  and both r e a c t a n t  flow r a t e s  were increased  t o  100%. 
Reactants  were i n j e c t e d  a t  t h e  100% r a t e  f o r  approximately 33 
minutes when t h e  automatic shutdown c i r c u i t  was energized and t h e  
power t o  t h e  a r c  h e a t e r s  was turned o f f ,  Also the two r e a c t a n t s  
were d i r ec t ed  from t h e  r e a c t o r  i n t o  a r e c i r c u l a t i n g  mode. Af te r  
a review of t h e  alarm c i r c u i t  and t h e  appara tus ,  i t  was concluded 
t h a t  t h e  gas exhaust ing from t h e  demister  was ca r ry ing  over  
water i n t o  t h e  exhaust pipe.  The gas flowing t h r u  t h i s  p ipe  
produced a s lugging t h a t  splashed water  onto t h e  thermocouple 
d e t e c t i n g  t h e  flame i n  t h e  burnoff s t a c k .  The cooled 
thermocouple normally i n d i c a t i v e  of a "flameout" caused t h e  
shutdown. The a r c  h e a t e r s  were r e s t a r t e d  wi th  no d i f f i c u l t y  and 
run f o r  a period of approximately one h a l f  hour without  r e a c t a n t s  
t o  d r i v e  o f f  any unreacted m a t e r i a l s  i n  p repa ra t ion  f o r  disassembly 
of t h e  r e a c t o r .  Following t h i s  per iod ,  power t o  t h e  a r c  h e a t e r s  
was stopped and t h e  r e a c t o r  w a s  allowed t o  cool .  The r e a c t o r  was 
cooled by purging wi th  argon gas and al lowing t h e  cool ing water  
t o  run f o r  about two hours.  No disassembly was attempted u n t i l  
t he  r e a c t o r  and c o l l e c t o r  had cooled completely.  
The Sodium Storage and Feed System operated i n  accordance 
with t h e  deslgn s p e c i f i c a t i o n s  during t h e  t e s t .  Sodium was 
i n j e c t e d  f o r  approximately 33 minutes a t  a  flow r a t e  of 310 l b . / h r .  
t o  335 l b . / h r .  ( ~ 4 0  kg/hr .  t o  152 kg/hr . ) .  The s l i g h t  v a r i a t i o n  
i n  flow r a t e  dur ing  i n j e c t i o n  of t h e  sodium i s  bel ieved t o  have 
been caused by f l u c t u a t i o n s  i n  p re s su re  w i th in  t h e  r e a c t o r .  To 
produce atomizat ion of t h e  sodium, argon was suppl ied  t o  t h e  sodium 
nozzle  a t  a  r a t e  of 40 scfm (1 .1  m3/min). The i n j e c t i o n  temperature 
of t h e  sodium ranged from 190°C t o  235OC. P r i o r  t o  t he  s t a r t  of 
i n j e c t i n g  sodium i n t o  t h e  r e a c t o r ,  t h e  programmable c o n t r o l l e r  
t h a t  was programmed t o  c o n t r o l  t h e  temperature of t h e  sodium system 
malfunctioned and It was necessary t o  switch t o  manual con t ro l .  
However, t h i s  inconvenience d id  not  cause any problems dur ing  
the  t e s t .  Switching t h e  flow of sodium from the  r ecyc le  mode t o  
the  i n j e c t  mode and back t o  r ecyc le  was done wi th  no problem, bu t  
i t  must be done with t h e  flow c o n t r o l l e r  i n  t h e  manual mode. 
The S ic1  S torage  and Feed System funct ioned as planned. 4  
S i l i c o n  t e t r a c h l o r i d e  was introduced i n t o  t h e  r e a c t o r  f i r s t ,  . 
followed by sodium approximately two minutes Later .  The SiC14 
was i n j e c t e d  f o r  s l i g h t l y  less than 36 minutes a t  a  r a t e  of 
605 l b . / h r .  (274 .4  kg /hr . ) .  Although the  Flow r a t e  i n  t h e  r e c y c l e  
mode showed some i n s t a b i l i t y ,  once the  SiC14 was placed i n  t h e  
i n j e c t i o n  mode t h e  flow r a t e  became very  s t a b l e  and easy t o  c o n t r o l .  
Switching t h e  flow from t h e  r e c y c l e  mode t o  t h e  i n j e c t  mode and 
back t o  r e c y c l e  was accomplished without  problems and only minimal 
v a r i a t i o n  i n  t h e  flow r a t e .  
I n  genera l ,  t he  system as a whole operated extremely w e l l  

5.3 Data Acquis i t ion  and Analysis 
Data a c q u i s i t i o n  was accomplished wi th  an  Acurex Autodata-N-lne 
d a t a  logger  capable of c o l l e c t i n g  d a t a  on one hundred channels .  
The d a t a  c o l l e c t e d  i n  raw form was p r in t ed  a s  e i t h e r  v o l t s  o r  
m i l l i v o l t s  on paper t ape  and s t o r e d  s imultaneously on magnetic 
tape .  The magnetic t a p e  was subsequent ly processed .?<.a a 
computer program t o  expedi te  d a t a  r educ t ion  and subsequent 
a n a l y s i s .  
During t h e  r e a c t a n t  t e s t ,  t h e  d a t a  logger  was run  
cont inuously and a  complete scan  of a l l  po in t s  was made every 
4 3  seconds. Data a n a l y s i s  was done us ing  a  t y p i c a l  s i n g l e  
d a t a  scan. Figure DA-1 i s  a p r i n t o u t  of a  s i n g l e  d a t a  scan 
without  r e a c t a n t s  and Figure DA-2 i s  a scan wi th  r e a c t a n t s .  
Each scan looks a t  one hundred channels numbered zero (000) 
th ru  99 (099). The d a t a  t h a t  i s  recorded on t h e  magnetic t a p e  
is  recorded a s  v o l t s  o r  m i l l i v o l t s .  A computer program 
w r i t t e n  a t  t h e  Westinghouse R&D Center converts  t h e  d a t a  t o  
engineering u n i t s ,  i d e n t i f i e s  t h e  sensor  number and desc r ibes  
i t s  func t ion .  
I n  a d d i t i o n  t o  t h e  da t a  l ogge r ,  Penn Environmental Consul tants ,  
Inc.  were cont rac ted  t o  c o l l e c t  samples from t h e  e f f l u e n t  
t rea tment  system and t o  monitor and sample t h e  gas en t e r ing  t h e  
burnoff s t a c k  d u r l r ~ g  t h e  r e a c t a n t  t e s t .  They were to  then  
ana lyze  these  samples and r e p o r t  t he  pH, c h l o r i d e  content ,  
sodium content  and s iLicon  content .  
Table DA-1 i s  a  summary of t h e  d a t a  gathered from t h e  gas 
only po r t ion  of t he  ?? s t  run of December 8, 1979. The l is t  
headed " ~ a l c u l a t e d "  i s  t h e  s e t  uf condi t ions  requi red  t o  
achieve  t h e  des i r ed  end r e s u l t s .  The l i s t  headed "Actual" 
d 
is ,  of course,  t h e  s e t  of condi t ions  t h a t  w a s  a c t u a l l y  achif!ved. 
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Figure DA-1 - Gas Only (No Rcactants) 
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Table  DA-1 
Summary Of Data For Gas Only T e s t s  
C a l c u l a t e d  
1500 kW 
T o t a l  255 CFH (7 .22 m3/min) 
Ratio 4B2 : 
Gas Temperature kt: Arc Heater E x i t  
A c t u a l  
1531 kW 
58 CFM (1.64 m3/min) 
198 CEE (5.61 m3/min) 
The of Eiciency r cpor t ad  18 t h e  t t~ernml  e f  f i c i ~ n c y  o r  anuount: of 
ctzargy trnnsnuittcd to  tlze gas from M\c arc hen ta r s  and not  l o s t  
t o  t h e  walls s f  tho a r c  hcntar sanlptlred t o  t h e  e l s c t r i c a l  csnargy 
suppLiac1 t o  the  are. The PXow rate* o f  gas $S t h e  t o t a l  $low o f  
each gas t o  t h e  t h t e a  a r c  hea to r s  over tjbnuc and ca r r ec tod  
t o  70 tlegrees l h l ~ r c n h e l t  rrtlif 1 atntnsphcrc?. ~ P O S S U ~ : C I  T l i ~  
r a t i o  o f  gascs i s  a mole r a t i o .  The pels tearpernture i s  a 
ser1,culntod tainpcrnttire arrd i s  inversely praporc ionnl  to  t h e  
h sn t  l a s s  fro111 k? B g a ~  t o  t hc  coaki,tl$~ water and t h e  lulnss of 
8:ts crrrcving thc; at9 h e a t ~ r ~ r ,  Tttble BA-2 i s  s i m i l ~ r :  t o  
Table ll:l-1 except  t h e  reactant: f law rakes have beetz added, 
The rates l i s t e d  ttnticr "Actual" a r a  t h e  r a c e s  that: e x i s t e d  
the  instnnt: thia da t a  wna t:nlcen and w;IZ1 be s%light.ty different :  
nver dm entire t c s t  per iod ,  Tlko r c n c t n l ~ t  r a t i o  l i k e  t h e  gas 
r a t t o  is  expressed i n  moles, 
Tnbl,o DA-3 rcpar t s  the  products recovarod a t  tho a k ~ l l l  
wall and I n  t h c  G Q S I G C ~ B ~  and t h e  products  dctcrmined t o  be  
i n  tlm eP-flucnt t m k  and in t hc  gas strennl t o  t h e  burnoff 
stnek. The quantity of product i n  t:lm c ~ l . l e c t o r  was daterminod 
21 by rcmoviny; i t :  from the crucitsle and w c i g h i n ~  i t .  The mass 
o f  product eolJ.cetad a s  the  s k u l l  wnl2 was d a t c ~ : m i ~ ~ a d  by r a ln~v ing  
snmplos sf t h c  \snIl  fro111 QRCZI s ~ ~ t l ~ t z ,  dctarlnining t h e i r  dons i ty ,  
~ s t i i ~ ~ n t i n g  tho  valunla oE m a t e r i a l  An each s s c r i a n  and than 
F ca3culotAng tlre 111t1ss E r ~ n )  thnsa two de t e rn~ ina t inns  . 511e 
arnounl; of. unnteriab i n  t h ~  affluent: tank and s t a c k  gas was 
dotar111511ecl from the r c o u l t s  of  t he  analysos subrnlittsd By 
licnn Env:lron~ncnrnX Consulcan ts , Xnc. at1 t h e  snmplas tekan 
S Errztu, t l ~ b s ~ ,  two : I ~ C R S .  
Table D A ; ~  d i sp l ays  tho mnass ba lance  bath  t 3 1 e ~ r e t i c n l  and 
n o k y t ~ l ,  A1,stl sl~raws is khe actual, input: a6 raestatxta R I I ~  k11e theo- ! 







S u r n m r y  Of Data 571th Reactants 
Efficiency 70%-75% 




Patio 4H2 : 1Phr 
Gas Temperature A t  Arc Heater Exit 3450°K-3500°K 
Reactants FLm- Rates 
Ratio 
*Ba~ed on 1 atm pressure and 70°F (21.I0C) 
**Based on s i n g l e  scan of data taken at time 13:21:57 12/8/79 
Actual 
1381 kW 
312#/hr C141.5 kg/ hr) 
Table DA-3 
Products Recovered 
S i l i c o n  C o l l e c t o r  l a 0  1bs (49 .9  kg) 
Skull. Wa1.E 159 l b s  ( 7 2 . 1  kg) 
To t n l  269 l b s  (122 kg) 
1:ff luentr Tank 
Burnoff Stack 
Tota l  
Produc t  Xn Ef f l u a n t  
154 Ibs (69.9 kg) 
59 l b s  (26.8  kg) 
213 I b s  (96 .6  kg) 
482 Ibs  (218.6 kg) Cumulative Totn l  
Pcrccntnge O f  Theoret icn l  Y i e l d  
Percen tnge Recovered 532, 
Table DA-4 




Actual Rcac tnnt IneuL Tl~eoretisal Total. Fraduet Yield 
NR 160.5 l b s  (72.8  kg) S i 4 9 . 2  l b s  (22.3 kg) 
S i C l 4  346 lbs (156.9 kg) NaCl 408 I b s  (185 kg) 
Si614 49.3  Ibs (22 .4  kg) 
T o t a l  506.5 lbs (229.7 kg) $06.5 lbs (229.7 kg) 
Total Elenlent Besovared 
(All Forms) *& X a% Xnput 
S i 52.3 1bs (23.7  kg) 91.5% 
sodium was suppl ied t o  r e a c t  a l l  t he  SiC14, a d d i t i o n a l  s i l i c o n  
w i l l  have been produced by r e a c t i o n  of t h e  8iC14 wi th  hydrogen. 
The "Totnl, Element Recavered" r epo r t ed  on i n  Tnble DA-4 was 
a l s o  derived from t h e  ana lyses  perfornled by Penn Envirollmental 
Consttl tants,  Inc. To det:ernrina t h e  c h l o r i d e  content  they u s e  
a  titrimetric procedure Standard Method 304, They r e p o r t  t h e  
s tandard  dev ia t ion  f o r  t h i s  nlethod is  f3.3% and t h e  e r r o r  i s  
f2.9X. Sodium is  quan t i f i ed  by atomic adsorp t ion  wi th  a 
repor ted  e r r o r  of 210%. To quan t i fy  s i l i c o n ,  atomic abso rp t ion  
was used on t h e  s o l u b l e  forms and gravi tnetr ic  a n a l y s i s  used on 
t h e  i n s o l u b l e  forms wi th  an  e r r o r  of f5X. The cumulative e r r o r  
of  t he se  t e s t  methods he lps  e s p l a i n  t h e  d i f  f erenee  between t h e  
q u a n t i t y  of product recovered and Eound i n  t h e  e f f l u e n t  and 
t h a t  repor ted  a s  S i ,  Na, and c h l o r i d e s ,  Following i s  o sununary 
of t h e  r e p o r t s  on samples taken during t e s t i n g  and submitted 
by Penn Environmenta1 Consul tants ,  Xnc. 
#. The name such a s  "City Water" i d e n t i f i e s  where t h e  sample 
was taken and the time and d a t e  i n d i c a t e s  when it was taken. 
The n o n f i l t e r a b l e  r e s idue  is  t h e  d isso lved  s o l i d s  and t h e  
f i l t e r a b l e  r e s i d u e  i s  t h e  s o l i d s  t h a t  a r e  gathered on t h e  f i l t e r  
paper.  
City Water ,.* * c.me - 8:30 A.N. Date - 12/8/79 
Residue 
. . . .  Nonf i l t e r ab le  (mg/l) 4 
. . . . .  F i l t e r ~ b l e  (mg/l). 19.9 
Ef f luen t  Time - 1:05 P.M. Date - 12/8/79 
pH . . . . 9.0 
C l  (mg/l) . . . 275 
Na (m&/l) . . . 173 
i m g l )  . . . 30.3 
Residue 
Nonf i l t e r ab le  (mg/l) . 54 
F i l t e r a b l e  (mg/l). . 606 
Ef f luen t  Time - 1:20 P.M. Date - 12/8/79 
Residua 
Nonf i l t e r ab le  (mg/1) . . . . 308 
F i l t e r a b l e  (mgll). . . . . . 2652 
I n  a d d i t i o n  t o  t h e  samples taken dur ing  t e s t i n g ,  samples 
from both the  s k u l l  w a l l  and t h e  c o l l e c t o r  were submitted t o  
Penn Environmental Consul tants ,  Inc.  f o r  determinat ion of 
C 1 ,  N a  and S i .  Following is  a summary of t hese  ana lyses .  Each 
of t h e  elements i s  repor ted  a s  a  weight percentage, A s  
explained p rev ious ly ,  because of experimental e r r o r  t h e  percentages 
w i l l  n o t  n e c e s s a r i l y  t o t a l  t o  100%. To determine pH, 20 grams 
of s o l i d  sample were added t o  200 m l  of d i s t i l l e d  water .  
Reactor Sec t ion  I n l e t  "E" Date - 12/12/79 
Reac tor  S e c t i o n  I n l e t  "H" Date - 12/12/79 
S i l i c o n  C o l l e c t o r  
The sampling of t h e  g a s e s  going co t h e  burnof f  s t a c k  was done 
by WFI S c i e n c e s  Co. i n  c o n j u n c t i o n  w i t h  Penn Environmental  
C o n s u l t a n t s ,  Znc. A p o r t  was provided i n  t h e  exhaus t  p i p e  l e a d i n g  
from t h e  s c r u b b e r  t o  t h e  burnoff  s t a c k  and o. sampling p r o b e  was 
i n s e r t e d  i n t o  t h i s  p o r t .  The g a s  was sampled c o n t i n u o u s l y  through- 
o u t  t h e  test. The sample gas  was passed  through a series of c o l d  
t r a p s  where t h e  condensables  were t aken  o u t  of t h e  g a s .  The 
chemical  a n a l y s i s  was performed by Penn Environmental  C o n s u l t a n t s ,  
I n c .  on t h e  condensab les  and i s  r e p o r t e d  i n  Tab le  DA-5. 
A s  r e p o r t e d  i n  t h e  s e c t i o n  on t h e  Plasma R e a c t o r ,  one  of t h e  
o b j e c t i v e s  of t h e  r e a c t o r  w a l l  d e s i g n  was t o  c r e a t e  balanced 
c o o l i n g  t o  m a i n t a i n  t h e  t h i c k n e s s  of t h e  s i l i c o n  s k u l l  w a l l  
r easonab ly  c l o s e  t o  t h e  d e s i r e d  v a l u e  of 2 cm.  The expec ted  h e a t  
t r a n s f e r  r a t e s  were determined i n  t h e  condensa t ion  c a l c u l a t i o n s  
a,nd a r e  p l o t t e d  a s  a  f u n c t i o n  o f  r e a c t o r  a x i n l  p o s i t i o n  Pn F i g u r e  
DA-3.  For comparison t h e  a c t u a l  h e a t  t r a n s f e r  rates, w i t h  
r e a c t a n t s  f l o w i n g  a t  t h e  c o n d i t i o n s  g iven  i n  Tab le  DA-2, are a l s o  
p l o t t e d  on t h i s  f i g u r e .  S i n c e  (1) t h e  e q u i l i b r i u m  t h i c k n e s s  of t h e  
s l c u l l  w a l l  had n o t  been e s t a b l i s h e d  ( i . e . ,  a  i n s i d e  d iamete r  o f  
15cm) and ( 2 )  t h e  power l e v e l  of 1400 k\J was w e l l  below t h e  a n t i c -  
i .pated : level  O F  npprosimately  1800 kW, t h e  c a l c u l a t i o n s  were  n o t  
done f o r  t h e  c o n d i t i o n s  O F  d a t a  r e p o r t e d .  Thus, t h e  comparison 
can b e  expected t o  p rov ide  o n l y  q u a l i t a t i v e  i n f o r m a t i o n .  The t h i r d  
1 
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Table DA-5 
.CHEMICAL ANALYSIS 
ARC HEATER - SILICON PRODUCTION REACTOR 
AIR QUALITY TESTS 
WESTINGHOUSE ELECTRIC CORPORATION 
DECEMBER 8 ,  1978 
TOTAL PARTICULATE 16.46 I 14.89 98.3 ! - -- - 
UNITS Lb/Hr 






Silicon I 4.79 I 4.34 1 28.7 1 81.4 
% 
INSOLUBLE PARTICUTE 






5.89 5.33 35.2 -- -  
Chloride I 0.03 I 0.03 I 0.2 I 0.52 
1 


















*Gr/SDCF: Grains per standard cubic foot 
























Figure DA-3 - Heat F l o w  vs. Reactor Length 
b u t  no r e a c t a n t s  flowing (gas only)  and with cond i t i ons  a s  given 
i n  Table  DA-1. The expected h e a t  f l u x  was based on an assumed 
product s t ream temperature  of 3500°K and a  w a l l  temperature  of 
1685°K (1412 '~ ) .  F igure  DA-4 and DA-5 show t h e  cd l cu l a t ed  w a l l  
temperature  (TW), t h e  l i n e r  o u t s i d e  w a l l  temperature To, t h e  h e a t  
l o s s  t o  t h e  cool ing  water (Q), and t h e  hea t  f l u x  a t  t h e  w a l l  (q ) ,  
without  r e a c t a n t s  flowing and wi th  r e a c t a n t s  f lowing a t  each 
r e a c t o r  s e c t i o n  and condi t ions  given i n  Tables DA-1 and DA-2. 
The w a l l  temperature  was c a l c u l a t e d  u s ing  t h e  fol lowing formula: 
where T = I n s i d e  w a l l  temperature of r e a c t o r  l i n e r  ("C) 
W 
To = Outside w a l l  temperature  of r e a c t o r  l i n e r  ("(2) 
Q = Heat l o s s  t o  cool ing  water (kW) 
R1 = I n s i d e  r a d i u s  of r e a c t o r  l i n e r  (cm) 
R2 = Outside r a d i u s  of r e a c t o r  l i n e r  (cm) 
L = Length of r e a c t o r  s e c t i o n  (cm) 
K = Thermal conduc t iv i t y  (w/cm OC) 
= 1.4 w/cmOc f o r  Sec t ions  A ,  B ,  and J 
= 0.5 w/cm°C f o r  Sec t ions  D ,  E ,  F, G, and H 
* 
The average o u t s i d e  w a l l  temperature  (T ) i s  determined from 
0 
t h e  measurements made by thermocouples numbered RS-T1 t h r u  RS-T21. 
The hea t  I ,oss t o  t h e  cool ing  w a t e r ,  Q ,  i s  ca l cu l a t ed  from t h e  
temperature  rise of t h e  cool ing  water f o r  a p a r t i c u l a r  s e c t i o n  
as determined from t h e  coo.1ing water temperature  measurements ,% 
CW-T1 t h r u  CW-T22 and the  amount of water  f lowing per  u n i t  t i m e  
i n  t h e  r e a c t o r  (CW-F3), Table DA-6 shows t h e  heat Lost t o  t h e  
cool ing  water  i n  each of t h e  r e a c t o r  s e c t i o n s .  
# 
k 
T = Temperature of i n t e r i o r  
W 
wa l l  of r e a c t o r  
To = Temperature of outs ide  
wal l  of g raph i t e  
r i g u r e  DA-4 - Calculated Thermal Data Gas Only (without Reactants) 
T = Temperature of i n t e r i o r  
W 
w a l l  of r e a c t o r  
T = Temperature of o u t s i d e  
0 
w a l l  of g raph i t e  
Figure DA-5 - Calculated Thermal Data w i th  Reactants  
Eicnt Lass W i t 1 1  Reactants 
1 NPUT 
LOSS IN ARC HEATERS 
Secliqn A 
4% 
Section R 240 
Section JI lo4 
Sectton E 145 
Section F 65 
Section G 47 
Section H 18 
Section I s J 144 
Total Loss I n  Reactor 1272 
t 5-2:s 
t 
Tha test couducted on 11~c~atber 8, 1974 was dd.reet~d t o  
tha o ~ i f i r n t k ~ n  ~f kt10 ent i re  asrper:i\\~enc:il VQV$~$C~\~ : ( .Q '~ \  u n i t  \ 3 t t l ~  
weutskrint Plot$ (SAC1 nrrd Na) te  puoducc t l ~ e  initin1 s'f,l:lrot! 4 
ppod\lct, a\otltianctl p l : ~ ~ $ , ~ ~ s l y  , chu sulrsva t~lns ruuct:ianc.d 
p~:ogorl,y in accarrda~~cc! wit11 tllc design s p ~ c i f  .tc:t t.Lons, A 
rtlac tant ,flow W Q ~  n e h t l ~ v ~ d  ~qi~tv:\l,tlnl: 60 t h ~ t  protluc tic111 o l? 
100 Lb,,,/hr of s i l i con ,  thus crjn8llA11p cha daslgircd rsko. 
Syskam tzancro3. and opctlac:lcsn twrc asceLXent: :l-lacluding Cllo cuut~:url 
of bo th  kbo sodium and S I C 1 4  i l l p u t  Plmus. Ilnsad upon obsorvut lo l~s  
of clra reactor  systat~t i;lztaru:~ls fal lowing tlla kcs t ,  a r;kt~lT, o f  
product: atntor$e\:I. was Porulr?d sf l ~ ~ c r c b s i n g  tldckncss which variPFad 
khe rec~el:su dosign analys is  nnct k i n e k i e s  work. 
t,gl:c?n n t  vnrious l o e t 1 ~ 1 ~ n s  nl.oug tllc I:aclctoc I.c?lzgtl~ (see 
Since tlii.8 %u$,trl,al ahalccda\\i.;~ t o s t  n f  tho system was to  
vur i fy  subaysteal opavbt io l~   nil p t ' ~ d l \ c ~  tr produet: Prorrl t h e  Na + 
SXOlq  roockian, the lruriey o f  clka s i l i e o u  produce was not 
caskttbla rafraeraup was tisail in pJot?i? o f  4: qumrta su\~eibltl i t \  k 
ba ~xpas!sd, h l s o ,  ns cnn bo S ~ Q I I  i1r Seetian S e a  bn Uata 
r e a c t o r  l i n e r s  did not  uchievo the  recluired tcavrperntura of 
X4X2'C t o  ef Eect sspurn t iou  O F  t h e  s i l i c o n  produced fro111 t h e  
sodiu~rl c i l lo r ide  caprodus t , TllercPora, &he tnej o r i  t y  s E t h e  
sIXicoir produced tvns i n  t h e  for111 of R brownish emorpl~ous s i l i c o n  
that: was conda~\serl Ernw tile gr\s s t ream nlong wit11 t h o  scad$un~ 
c h l o r i d e  and ca.l.lected on tlla wa l l s  o f  tho  r e a c t o r ,  C ~ C ~ O X I ~ ,  
ancl c e l l c c t o r .  'l'lkree samples rctnoved Eroni t h e  r e a c t o r  and 
c o l l e c t o r  Car a n a l y s i s  I n d i c n t c  (1) 472, s i l i c o n  by weight f o r  
t he  s k u l l  snalple near  tho SiCI in;) oc ti011 r i n g ,  (2) 18.5X 4 
s i l i c a r l  For t h e  slcu.ulX sn rnp l~  just; upstrcala Q E  t h s  syclono and 
(3) 8.2% s:t.ll.cou Ear the. nlateriaJ. re~lloved fro111 t h c  top  s u r f a c e  
of: tIlc collac t o r  crucible. Two smoJ.l, s i lve~:-gray ssrltples of 
a m t c r i a l  Eo~~trtl i t1  tlrr; c~:u~iBJ ,e  wire  entllyzed ant3 fount1 t o  \>a 
9?% sil ico1r.  A C O I I I ~ ~ C ~ C  ~ ~ n ~ l y s i s  was d o l ~ c  slx t h i s  t~~n te r id l .  nrrd 
tlle r c s u l t s  nvc. sl\own f n  Figure 1%-1. Ttra e s t r s m ~ l y  high co~xtent  
of colzpcr con lie expinilled by tllc f a c t  t h a t  Inany hours of shakedown 
t e s t i n g  Were ~ Q I W  t o  ~1etetnl:Lr~~ t110 o p ~ r a t f n g  pnranletcrs f o r  t ho  
nrc  honkers.  n u r i n a  k l ~ ~ s c  t e s t s ,  vaxrious 11 -:\r gas r a t i o s  vcce 2 
used $11 zldtl:Ltitan ta  vtxrinl~e hea t e r  fie3.d c o i l  current scattilrgs , 
A s  n r e s u l t ,  sonla operncing cond i t i ans  caused e r a s i ~ n  o f  t h ~  
capper e l c c t r ~ e l e s  t o  n grct i tar  extent: tbnn o the r  s e t t i n l t , ~ .  E t  i s  
bcltlevacl t h a t  capper wns depss i t cd  on the t?alPs s f  tlxc r c a c t ~ r  and 
s i ~ r c c  t h e  cent2cur was not  thoroughly cleatred pr ia r  t o  t h ~  r e a c t a n t s  
t c s t ,  t he  copptsr was contained i n  t;he siJ.icon product.  GLonni~~g 
the rcnctsl:  1~aL3,s w i l l  mitigutc? t h i s  p r ~ b l e l ~ .  
r\s p c ~ v i e u s l y  s t a t e d  i n  Sccciol? 5.2 on Sl~nkcclowrr T ~ s t i n g ,  
dur iug  t e s t i n g  O F  t l l ~  a r c  henkecx i t  was dotexminod t h a t  t o  
I n r p ~ ~ t ~ ~ i ~  ho :IYV llcn tt'r pizrEo~:~nnnca (i. c.  , h i ~ l w o  arc vral,tage) clze 
;i,rrs2d@ dlu#retcr O F  tho  c l o c t r s d a s  111t1st ba raeiuc~el. The rrlost 
expedient  way t a  reduce  tlids dtninatcr xgnu CQ plnca n 8 r a l a h P t ~  lit~c?r 
i n  thr! o l c s t rudes .  T l r i s  was dotle and a s  a s i d e  oEEect: tlla c n ~ b e n  
corrtanc of klla s t l l icon was r a i s a d  t o  R lave1 h ighe r  cllatl 
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Figure PC-1 - Analysis Of Silicon Collector Prcduct, 2 Samples 
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normally expected. This  problem would be  e l imina ted  by us ing  
reduced-sized copper e l ec t rodes .  
Other i m p u r i t i e s  a r e  a t t r i b u t e d  t o  (1) t h e  use of a c a s t a b l e  
r e f r a c t o r y  m a t e r i a l  a s  a  c r u c i b l e  i n  t h e  s i l i c o n  c o l l e c t o r  and 
(2)  inadequate  s epa ra t i on  between t h e  S i  and NaCl because of t h e  
lower temperatures  i n  t h e  r e a c t o r ,  cyclone,  and c o l l e c t o r .  A s  
d i scussed  i n  t h e  Process  Evaluat ion s e c t i o n ,  t h e  temperature  can 
b e  increased  by inc reas ing  t h e  i n s u l a t i o n  between t h e  g r a p h i t e  
l i n e r  and t h e  cool ing  water s h e l l .  O f  course ,  t h e  q u a r t z  c r u c i b l e  
would be used f o r  product c o l l e c t i o n  i n  any f u t u r e  t e s t i n g  t o  
p re se rve  product p u r i t y .  
Thus, by making some minor des ign  changes, i t  i s  i n d i c a t e d  t h n t  
h igh  p u r i t y  s i l i c o n  c.an be produced wi th  t h e  Westinghouse Arc Heater  
process .  
5.5 Disassen~bly and Decontamination 
The e f f o r t  required t o  disassemble, decontaminate and i n s p e c t  
t h e  r e a c t o r  i n t e r i o r  fol lowing opera t ion  w a s  Ear l e s s  than had 
been expected. The i n d i v i d u a l  s e c t i o n s  inc luding  t h e  c o l l e c t o r  
were c a r e f u l l y  removed with case.  Figure (DD-1) i s  a  photograph 
of t h e  r e a c t o r  s e c t i o n  "H" looking do~nistream. A s  can be seen 
i n  F igu re  (DD-1), s e c t i o n s  of the  s k u l l  were r e a d i l y  separa ted  
from t h e  g r a p h i t e  l i n e r  i n t e r i o r .  Decontamination was not 
necessary  because unreacted m a t e r i a l s  were not found i n  any of t he  
disassembled sec t ions .  The s k u l l  formed on the  i n n e r  w a l l  over 
t h e  e n t i r e  r eg ion  between t h e  SiCI4 i n j e c t i o n  nozzles  and t h e  
s i l i c o n  c o l l e c t o r .  The s k u l l  t l l ickness increased  from about 
1 .6  nut thiclc a t  t he  f i r s t  s e c t i o n  downstream from the  SIC14 
i n j e c t i o n  t o  9.5 nun t h i ck  f o r  t he  s e c t i o n  j u s t  upstream of t he  
cyclone sepa ra to r .  With the  except ion of t he  sodium nozzle  
r e f l e c t o r  cup be ing  l o s t  i n  the  high temperature environment, 
the  r e a c t o r  i n t e r n a l  p a r t s  are  i n  e x c e l l e n t  condi t ion .  
A s  determined from the  i n j e c t i o n  s t u d i e s  , t h e  nozzle  produces 
an e x c e l l e n t  spray  p a t t e r n  .c~l.rhout t he  cup. The  g raph i t e  near  
t h e  sodium i n j e c t i o n  was not  no t i ceab ly  damaged d u e  t o  any 
graphite/sodium i n t e r a c t i o n .  This  was a s e r i o ~ ~ s  concern of JPL, 
The e a s e  of disassembly w i l l  a rea  t l y  f a c i l i t a t e  and reduce t h e  
c o s t  of t e s t i n g  i f  p o t e n t i a l  fo l low on t e s t s  a r e  conducted and 
a lower maintenance c o s t  i s  pro jec ted  dur ing  f u l l  s c a l e  opera t ion  
of a  system. 
To d a t e ,  t h e  e n t i r e  s k u l l  wa l l  has not  been removed from the 
r e a c t o r ,  cyclon& and U-bend s e c t i o n s .  However, t h e  c r u c i b l e  and 
i n s u l a t i n g  briclc have been removed from the  c o l l e c t o r  s h e l l  and 
t h e  vroduct  m a t e r i a l  has been removed from t h e  d isposable  c r u c i b l e .  
A t o t a l  of 44.7 kg (110 pounds) w a s  removed from t h e  c r u c i b l e  
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Figure DD-1 - Photograph Of Rcnctor Section W, lnsidc Dinmctcr, 
1,ookinc: nownstronm Toward Cyclonc 
samples were s e l e c t e d  and submit ted t o  JPL. Photographs of t h e  
samples provided t o  JPL are shown i n  F igures  (DD-2 & 3). For 
any f u t u r e  t e s t  work, a h igh  p u r i t y  fuzed qua r t z  c r u c i b l e  would 
be  used i n  p l ace  of t h e  c a s t  r e f r a c t o r y ,  d i sposable  c ruc ib l e .  
I n s t a l l a t i o n  of t h e  qua r t z  c r u c i b l e  w i l l  no t  be a problem s i n c e  
t h e  design i s  complete. 
I f  f u t u r e  t e s t i n g  is  performed, puri ty  of t h e  product w i l l  
be  a major concern. Therefore,  t h e  p re sen t  remaining s k u l l  w a l l  
must be removed. Th i s  can  best be  accomplished by removing each 
s e c t i o n  of t h e  r e a c t o r  from t h e  mounting frame, manually removing 
any loose  p i eces  of m a t e r i a l  from t h e  s e c t i o n  and then  washing 
down the  i n t e r i o r  of t h e  g r a p h i t e  wi th  a s tream of c l ean  water .  
S ince  the  s k u l l  i s  composed p r imar i ly  of sodium ch lo r ide ,  i t  f 
w i l l  d i s s o l v e  r e a d i l y  i n  t h e  water  and t h e  in so lub le s  w i l l  be  
c a r r i e d  away wi th  t h e  running water .  The cyclone can be  washed 
down i n - s i t u  w i th  t h e  product c o l l e c t o r  and top removed. Drying 
of t h e  g r a p h i t e  can be  accomplished by reassembling t h e  r e a c t o r  
a f t e r  washing a l l  s e c t i o n s  and purging i t  wi th  d ry  argon f o r  
s e v e r a l  hours ,  
Following t h e  December 8, 1979 test, t h e  sodium feed  l i n e  
was drained i n t o  t h e  base  tank  and back f i l l e d  wi th  argon gas.  
However, be fo re  any a d d i t i o n a l  t e s t i n g  i s  conducted, where p u r i t y  
w i l l  be  of prime concern, t h e  sodium system should b e  completely 
dra ined  inc luding  t h e  base tank  and f lushed  wi th  high p u r i t y  
sodium. Also t h e  sodium i n j e c t i o n  nozz le  w i l l  have t o  be removed, 
i n spec t ed  and decontaminated hefoae r e i n s t a l l i n g .  
The SIC14 feed system a l s o  was dra ined  of SiCl.4 and purged 
wi th  argon gas  fol lowing t h e  December 8, 1979 test. Also one 
of t h e  ten i n j e c t i o n  nozz les  was removed and inspec ted  f o r  damage 
and/or  contamination. No apparent  damage was found and t h e  f i l t e r  
5-3 0 
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Figure DD-2 - Photograph o f  S i l i c o n  Product Sample 
Figure DD-3 - Photograph of Silicon Product Sample 
sc reen  i n t e r n a l  t o  t h e  nozz le  was c l ean  i n d i c a t i n g  no mois ture  o r  
o t h e r  contaminants had en t e r ed  the  SiC14 system. The SiClb 
7 
Storage  and Feed System has been pressur ized  with an argon cover 
pas s i n c e  t h e  December 8, 1979 t e s t  and r e q u i r e s  no f u r t h e r  
-- 
decontamination. There a r e  no Foreseeable  major problems t o  b r ing  
t h e  two r e a c t a n t  feed systems hack on s t ream f o r  cont inu ine  t h e  
.+ 
t e s t  program. 
5.6 Component Evaluat ion 
The e1ectx;ical system performed s a t i s f a c t o r i l y  dur ing  
t h e  shakedown test  and no major problems were encountered.  
1500 kW of power was suppl ied  t o  t h e  arc h e a t e r s  dur ing  t h e  
1 1 / 2  hour prehea t  per iod.  However, t h e  temperature  of t h e  
motor t o  t h e  motor-generator s e t  a t  S t a t i o n  i!1 of t h e  
Westinghouse High Power Laboratory began approaching t h e  
h igh  temperature  t r i p  po in t  a t  t h a t  power ou tput  l e v e l .  
Subsequently,  t h e  output  was c u t  back t o  1400 kW. This  
d i d  no t  cause any problem s i n c e  t h e  r e s u l t a n t  gas  temperature  
was very  near  t o  t h a t  t h e o r e t i c a l l y  requi red .  Before 
any f u t u r e  t e s t i n g ,  t h e  p o s s i b i l i t y  of r a i s i n g  t h e  h igh  
temperature  t r i p  po in t  should be  i nves t i ga t ed .  
2. Control  and Ins t rumenta t ion  I" 
The Control  and Ins t rumenta t ion  Systeltc !net ,:he des ign  
o b j e c t i v e s  and funct ioned w e l l  dur ing  t h e  -;haksdni~n test .  
Reactant  f low was con t ro l l ed  a t  a  sodium t o  SJCl r a t i o  of 4 
3 .8 : l  wi th  4:l being s to i ch iome t r i c .  Gas flow was a l s o  
c o n t r o l l e d  very c l o s e  t o  t h e  r equ i r ed  mole r a t i o  of 4 : l  
f o r  hydrogen t o  argon. The pH c o n t r o l  equipment a s soc i a t ed  
w i t h  t h e  water  t reatment  was used t o  monitor t h e  pH and no t  
t o  c o n t r o l  i t  dur ing  t h e  r e a c t a n t  test.  For f u t u r e  longer  i * 
t e r m  t e s t i n g  t h e  pH c o n t r o l  equipment (chemical a d d i t i v e  
pumps) w i l l  need t o  be c a l i b r a t e d  f o r  c o n t r o l  purposes,  ' 
However, i t  appears  t h a t  t h e  pH w i l l  s t a y  w i th in  t h e  5.5 t o  
9.0 l i m i t s  e s t ab l i shed  by t h e  l o c a l  environmental a u t h o r i t y  e 1 
without  chemical a d d i t i v e s .  This  was v e r i f i e d  by pH readout  
ins t ruments  and subsequent ana lyses  of t h e  e f f l u e n t .  
Tne programmable c o n t r o l l e r  t h a t  was t o  au to i l~a t i ca l l y  f 1 
c o n t r o l  t h e  hea t ing  of t h e  sodium system malfunctioned j u s t  
p r i o r  t o  t h e  s t a r t -up  of t he  r e a c t a n t  test ,  however, i t  has  
s i n c e  been r epa i r ed  and i s  ready f o r  f u t u r e  t e s t i n g .  I f  t h e  
system has  reached ope ra t i ona l  temperature ,  manual ope ra t i on  
i s  no t  d i f f i c u l t .  
3 .  Cooling Water 
The Cooling Water System performed wi thout  f a u l t  dur ing  
t h e  r e a c t a n t  test. However, it was discovered during t h e  
coo l  down phase fol lowing t e s t i n g  t h a t  t h e  l a r g e  so lenoid  
va lves  i n  t he  emergency cool ing loop were s t i c k i n g .  This  
has  been an i n t e r m i t t e n t  problem wi th  t h e  va lves .  They 
have been taken a p a r t ,  c leaned and reassembled s e v e r a l  t i m e s .  
It is  s t r o n g l y  suggested t h a t  t h e  va lves  be  rep laced  w i t h  
pneumatically operated b a l l  va lves .  F a i l u r e  of va lves  t o  
o p e r a t e  proper ly  could cause s e r i o u s  damage t o  t h e  r e a c t o r ,  
4. Gas Systern 
The Gas System performed extremely w e l l  dur ing  t h e  
r e a c t a n t  t e s t .  It would be d e s i r a b l e  t o  i n c r e a s e  flow 
c a p a b i l i t y .  
5. Plasma Reactor 
, The Plasma Reactor funct ioned w e l l  dur ing  t h e  r e a c t a n t  
test. The w a l l  temperature  of t h e  g r a p h i t e  l i n e r  d i d  n o t  
approach t h e  1685OK requ i r ed  t o  ach ieve  s e p a r a t i o n  of t h e  S i  
and NaC1. A s  a consequence, t h e  two prodac ts  condensed o u t  
of t h e  product s t ream toge ther .  This  problem can be  co r r ec t ed  
by machining down the  o u t s i d e  diameter of t h e  g r a p h i t e  l i n e r  
and addiqg a l a y e r  o f  i n s u l a t i n g  m a t e r i a l  between t h e  g r a p h i t e  
and t h e  r e a c t o r  s h e l l  wal l .  On t h e  p o s i t i v e  s i d e ,  t h e  
disassembly oE t h e  r e a c t o r  was performed wi th  ease and wi th  




because t h e  r e a c t i o n  had s u f f i c i e n t  t i m e  t o  go t o  completion 
and a s k u l l  wa l l  was formed a s  pzedicted.  The i n t e r i o r  of 
t h e  r e a c t o r  i s  i n  extremely good condi t ion  and can be  
reassembled f o r  a f u t u r e  t e s t  a f t e r  e a s i l y  removing the  
ex is t i f ig  s k u l l  wal l .  
6 .  Wl Storage and Feed System 4 
The S i c 1  Storage and Feed System funct ioned w e l l  dur ing  4 
t h e  r e a c t a n t  t e s t  and no major problems were encountered. 
Control of t h e  flow r a t e  i s  somewhat e r r a t i c  i n  t h e  r ecyc le  
mode, bu t  i t  smooths out  i n  t h e  i n j e c t  node. Correct ion of 
t h e  e r r a t i c  flow i s  a mat te r  of back p re s su re  r egu la t ion  
and can be done wi th  t h e  e x i s t i n g  eqcipment. No major 
modi f ica t ions  of t h e  system a r e  a n t i c i p a t e d .  
7 .  Sodium Storage  and Feed System 
With t h e  except ion of t he  malfunct ioning programmable 
c o n t r o l l e r ,  t he  Sodium Storage and Feed System funct ioned 
as s p e c i f i e d  by design.  The c o n t r o l l e r  which was designed 
t o  c o n t r o l  t h e  t2mperature and hea t ing  cyc le  of t h e  drums 
of sodium stopped func t ioning  and c o n t r o l  was switched t o  t h e  
manual mode f o r  t h e  r e a c t a n t  tes t , .  No problems w e r e  
experienced with t h e  manual mode. The programmable c o n t r o l l e r  
has  s i n c e  been r epa i r ed  and i s  ready f o r  use.  The sodium 
i n j e c t i o n  nozzle  r a f l e c t o r  cup was l o s t  i n  t h e  high temperature 
environment dur ing  t h e  r e a c t a n t  test but  a s  determined from 
t h e  i n j e c t i o n  s t u d i e s ,  t h e  nozz le  produces an  e x c e l l e n t  
spray  p a t t e r n  without  t h e  cup. Af t e r  decontaminating t h e  
sodium nozzle t h e  system w i l l  be ready f o r  a d d i t i o n a l  
t e s t i n g .  
8. S i l i c o n  Co l l ec t i on  
The S i l i c o n  Co l l ec to r  funct ioned a s  designed wi th  no 
problems being encountered dur ing  t e s t i n g .  For f u t u r e  t e s t i n g  
a  fuzed qua r t z  c r u c i b l e  w i l l  be used i n  p l a c e  of t h e  
r e f r a c t o r y  c ruc ib l e .  
9. E f f luen t  Disposal  System 
- 
General ly  t h e  E f f luen t  Disposal  System funct ioned w e l l  
du r ing  t h e  r e a c t a n t  test. The gas s t ream was adequate ly  
cooled upon passing t h r u  t h e  v e n t u r i  sc rubber  (94OF) and 
no l a r g e  q u a n t i t i e s  of p a r t i ~ u l a t e  were observed l eav ing  t h e  
s t a c k .  However, t h e  gss  s t ream passing through t h e  packed 
column po r t i on  of t h e  scrubber  c a r r i e d  water  i n t o  t h e  exhaust  
p i p i n g  l ead ing   fro^ * h ~  column t o  t h e  s t a c k .  A s  t h e  p ip ing  
f i l l e d  wi th  water  +2 %'!uo,ing e c t i o n  took p l ace  which even tua l ly  
caused water  t o  be splashed onto  t h e  i g n i t e r  thermocouple. 
The cooled thermocouple normally i n d i c a t i v e  of a "flameout" 
cond i t i on  caused a  shutdown. A simple d r a i n  added t o  t h e  
bottom of t h e  exhaust  piping w i l l  r e a d i l y  elimj-nate t h i s  
problem i n  t h e  fu tu re .  
The water  t rea tment  tank  operated wi thout  i n c i d e n t ,  
but  a s  mentioned under Ins t rumenta t ion  and Control ,  t h e  pH 
c o n t r o l  equipment was used only  t o  monitor t h e  pH and n o t  
- 
f o r  c o n t r o l .  I n  t h e  f u t u r e  t h e  equipment (chemical a d d i t i v e  t 
pumps) w i l l  need t o  be c a l i b r a t e d  f o r  pH c o n t r o l  purposes.  1 
t 
However, i t  appears  t h a t  t h e  pH is  maintained w i t h i n  t h e  
I 
5.5 t o  9.0 l i m i t s  e s t a b l i s h e d  by t h e  l o c a l  environmental 
a u t h o r i t y  wi thout  chemical a d d i t i v e s .  
i 
10.  Gas Burnoff S tack  
- 1 
The Gas Burnoff S tack  funct ioned w e l l  during t h e  r e a c t a n t  5 ; c 
I :  
test. The only  problem encountered involved t h e  i g n i t e r  
thernacouple  descr ibed  under t h e  ~ f f l u e n t  Disposa l  System 
s e c t i o n .  A s  a p recaut ion  a g a i n s t  water  sp l a sh ing  on t h e  
thermocouple i n  t h e  f u t u r e ,  t h e  thermocouple w i l l  be  
r e loca t ed  and sh i e lded  a g a i n s t  t h e  p o s s i b i l i t y  of be ing  
splashed.  
11. Decontamination and Sa fe ty  
Decontamination of t h e  r e a c t o r  was no t  necessary  because 
t h e  r e a c t i o n  between SiC14 and N a  e s s e n t i a l l y  went t o  
completion. The sodium system w i l l  need t o  be  f l u shzd  
wi th  h igh  p u r i t y  sodium be fo re  f u t u r e  h igh  p u r i t y  t e s t i n g  
i s  undertaken. 
No i n c i d e n t s  involv ing  s a f e t y  were experienced du r ing  
t h e  r e a c t a n t  t e s t i n g .  
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The following Appendices have been attached to  document the 
f i n a l  resu l t s  of project subtasks not direct ly  addressed i n  the main 
bodv of the f i n a l  report. These project subtaslcs include such areas 
as product separation analys is ,  inject ion techniques, economics, 
k inet i c s  experiments, e t c .  

PRODUCT SEPARATION ANALYSIS 
1. Task Desc r ip t i on  
The o b j e c t i v e  of t h i s  t a s k  was t o  determine a r e a c t o r  design which 
provides  e f f e c t i v e  s i l i c o n  product  s epa ra t i on .  The product s e p a r a t i o n  
and r e a c t o r  des ign  were analyzed Eor two modes of opera t ion .  
The f i r s t  mode (homogeneous r e a c t i o n )  examines s i l i c o n  product  
s e p a r a t i o n  v i a  condensation fo l lowing  a  high temperature  r e a c t i o n  
producing superheated s i l i c o n  vapor.  The second approach depends 
upon a  heterogeneous r e a c t i o n  mode which permi ts  a two-phase 
product s epa ra t i on .  l The r e s u l t s  of t h e  condensation mode were 
considered t o  be  t h e  more a t t r a c t i v e  des ign /opera t ion  mode and 
served a s  t h e  b a s i s  f o r  t h e  system des ign .2  
2. Summary 
The a n a l y s i s  of t h e  condensat ioa mode provided h e a t  t r a n s f e r  and 
s i l i c o n  t r a n s p o r t  t o  t h e  r e a c t o r  w a l l s  a s  func t ions  of t he  a x i a l  
l ength .  Rates  of h e a t  and mass t r a n s f e r  t o  t h e  r e a c t o r  w a l l  were 
based upon developing tu rbu len t  boundary l a y e r  t r a n s p o r t  r e l a t i o n s  
f o r  t ube  flow. S ince  t h e  condensation occurs  h e f a r e  t h e  s i l i c o n  
reaches t h e  wa i l ,  a  boundary l a y e r  a n a l y s i s  was developed t o  
estimate t h i s  e f f e c t  upon t h e  h e a t  and mass t r a n s f e r .  The r e s u l t s  
of t h e  condensation model i nd i ca t ed  t h a t  over 80% of t h e  s i l i c o n  
can be  removed from t h e  r e a c t o r  descr ibed  i n  t h i s  r e p o r t . 2  
The second approach depends upon a  heterogeneous r e a c t i o n  mode 
which permi ts  e f f e c t i v e  product  s e p a r a t i a n .  The a n a l y s i s  examined 
a  p a r t i a l  low temperature  r e a c t i o n  followed by a  h igh  temperature  
thermal t rea tment  process  s t e p .  l The f i r s t  s t e p  i s  a  p a r t i a l  r e a c t i o n  
of r e a c t a n t s  forming p a r t i c l c ~ s  (molten and/or  s o l i d )  of Na, NaC1, 
and S i .  The second s t e p  immerses t h e s e  p a r t i c l e s  i n  an  a r c  hea ted  
gas s t ream t o  vapor i ze  t h e  Na and NaCl from t h e  s i l i c o n  and r e a c t  
t he  remaining Na and SiC14. The f i n a l  s t e p  involves  t h e  c o l l e c t i o n  
of small product  p a r t i c l e s  formed i n  t h e  f i n a l  r e a c t i o n  by t h o s e  
formed i n  t h e  i n i t i a l  s t e p .  I f  necessary ,  i t  i s  p o s s i b l e  t o  
i n t roduce  seed p a r t i c l e s  t o  exped i t e  t he  c o l l e c t i o n .  This  mode 
i s  weakened by t h e  u n c e r t a i n t y  i n  t h e  e f f e c t i v e n e s s  of t he  p a r t i c l e  
formation and c o l l e c t i o n  mechanisms. 
3.  Homogeneous/Condens~tion Mode 
An a n a l y s i s  i s  developed t o  determine s i l i c o n  mass and hea t  
t r a n s p o r t  t o  t h e  r e a c t o r  wa l l .  The product flow is  tu rbu len t  and 
i n i t i a l l y  a l l  vapor.  Plug flow i s  u t i l i z e d  f o r  t h e  mass and 
energy ba lance  i n  t h e  s t ream where composition and p r o p e r t i e s  are 
governed by thermodynamic equi l ib r ium.  It can  be  shown t h a t  t h e  
momentum l o s s e s  a r e  n e g l i g i b l e  f o r  t h e  condi t ions  considered.  
The analog between mass and h e a t  t r a n s f e r  i s  invoked. Publ ished 
va lues  f o r  t h e  t r anspor t  c o e f f i c i e n t s  of developing tu rbu len t  f low 
i n  a  tube a r e  u t i l i z e d .  These va lues  are modified t o  account  
f o r  t h e  e f f e c t  of s i l i c o n  vapor condensation wi th in  t h e  boundary 
l a y e r .  This  modi f ica t ion  i s  developed by an  a n a l y s i s  u t i l i z i n g  
a cons tan t  property u n i v e r s a l  v e l o c i t y  p r o f i l e .  Thus, t h e  mass 
t r a n s f e r  is  w r i t t e n  a s :  
E ,  
The mass t r a n s f e r  co r r ec t ion ,  %, r e s u l t i n g  from condensation 
w i t h i n  t h e  boundary l a y e r  is  represented2  a s :  
S imi l a r ly ,  t h e  energy balance i s  w r i t t e n  i n  terms of t h e  temperature 
g rad ien t  a s  : 
The h e a t  t r a n s f e r  co r r ec t ion ,  Rg, r e s u l t i n g  from condensation 
wi th in  t h e  boundary l a y e r 2  is  represented a s :  
h 
Ts-T + - W 
W C S  
P 
To numerical ly  so lve  these  equat ions ,  t h e  t r a n s p o r t  p r o p e r t i e s  
and s t ream composition must be known. Af t e r  t h e  i n i t i a l  e lemental  
composition i s  given (e.g. ,  2.0 Na, 2.0 C 1 ,  0.5 S i ,  3 .31 H2, 
0.83 Ar),  t h e  p r o p e r t i e s  a r e  func t ions  of temperature,  p re s su re  
YJ. and f r a c t i o n  of s i l i c o n  (B) remaining i n  t h e  stream. The p re s su re  
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t o  be  a v a l i d  assumption. The t r a n s p o r t  p r o p e r t i e s  a r e  c a l c u l a t e d  
f o r  a s p e c i f i c  number of "8" va lues  and t h e  r e s u l t s  inputed  t o  
the  computer. The computer uses  an  i n t e r p o l a t i o n  r o u t i n e  t o  
determine proper  t i e s  f o r  any temperature  o r  "6" requi red  i n  t h e  
numerical  s o l u t i o n .  
The r e s u l t s  of t h e  numerical s o l u t i o n  a r e  s11ow1-1 i n  F igures  1 & 2 
f o r  a 1 0  cm and 15  cm diameter  tube, r e s p e c t i v e l y .  The hea t  f l u x  
t o  t h e  wal l ,  t h e  f r a c t i o n  of t h e  s i l i c o n  remaining i n  t h e  s t ream,  
and t h e  nondimensional p o s i t i o n  of s i l i c o n  condensation a r e  
represen ted  a s  func t ions  of a x i a l  p o s i t i o n ,  X. Both f i g u r e s  
i n d i c a t e  over 80% of t h e  s i l i c o n  i s  removed a f t e r  an  a x i a l  f low 
l e n g t h  of approximately 5 meters .  A s  a r e s u l t  of t h i s  c a l c u l a t i o n  
showing s a t i s f a c t o r y  s i l i c o n  removal, t he  hea t  f l u x  was u t i l i z e d  
f o r  the 15  cm diameter  r e a c t o r  t o  e skab l i sh  t he  proper  w a l l  thermal  
impedance (e .g . ,  see t e x t  on r e a c t o r  des ign) .  
For a d e t a i l e d  development of t h e  n ~ o d i f i c a t i o n  c o e f f i c i e n t s ,  t h e  
t r a n s p o r t  r e l a t i o n s  used and t h e  gene ra l  a n a l y s i s ,  the  r eade r  is  
r e f e r r e d  t o  References 1 & 2, 
4 .  Heterogeneous Reaction 
The b a s i c  chemical r e a c t i o n  i n  t h e  a r c  h e a t e r  r educ t ion  of s i l i c o n  
t e t r a c h l o r i d e  by sodium can occur i n  a heterogeneous manner. 
Two heterogeneous pa ths  a r e  p o s s i b l e  i n  which product s e p a r a t i o n  
appears  experimental ly  f e a s i b l e .  F i r s t ,  gaseous Sic14 and sodium 
vapor,  which have been produced by i n j e c t i n g  l i q u i d  sodium d r o p l e t s  
i n t o  a n  a r c  heated gas  stream, r e a c t  on t h e  surEace of seed 
p a r t i c l e s  t o  produce l i q u i d  s i l i c o n  and gaseous sodium c h l o r i d e .  
The r e l a t i v e l y  l a r g e  molten d r o p l e t s  of s i l i c o n  a r e  then sepa ra t ed  
by i n e r t i a l  means. Second, gaseous SIC14 r e a c t s  a t  low temperatures  
on t h e  s u r f a c e  of l i q u i d  sodium d r o p l e t s  t o  produce s o l i d  s i l i c o n  
and sodium c h l o r i d e ,  The product p a r t i c l e s  are then  en t r a ined  
i n t o  an a r c  hea t ed  gas  s t ream ' t~he re  (1) any unreacted sodium i s  
vaporized;  (2) sodium c h l o r i d e  i s  mel-tcd and vaporized;  and ( 3 )  
s i l i c o n  is  melted.  The r e s u l t  of t h i s  thermal t rea tment  r e s u l t s  
i n  r e l a t i v e l y  l a r g e  d r o p l e t s  of s i l i c o n  which can be  c o l l e c t e d  
i n e r  t i a l l y .  
4.1 P a r t i a l  Low Temperature React ion 
The low temperature  p a r t i a l  r e a c t i o n  is  modelled f o r  sodium a 
d r o p l e t s  e n t e r i n g  a tubu la r  r e a c t o r  i n  t h e  presence  of hydrogen, 
argon and SiClq(v) .  The d r o p l e t s  a r e  assumed t o  be  d i s t r i b u t e d  
uniformly throughout t he  gas  and moving c ~ x i n l  l y al.c>ng t h e  
c y l i n d r i c a l  r e a c t o r  tube  a t  thc same v e l o c i t y  as t he  gas. 
S imi l a r  c a l c u l a t i o n s  involvlnp, t h e  motion OF d r o p l e t s  i n  a 
s t ream i n d i c a t e  t h a t  momentum equat ions  de f in ing  d i f f e r e n c e s  
i n  v e l o c i t y  between these  smal l  p a r t i c l e s  and the  gas  can b e  
Figure 1 
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Beta: Is t h e  r a t i o  of t o t a l  e i l i c o n  maee flow t o  t h e  i n i t i a l  va lue  (X - 0) 
Y S t a r :  I e  t h e  r a t i o  of r a d i a l  d i s t a n c e  from t h e  wa l l  where t r a n e i t i o n  from s a t u r a t i o n  t o  superheat  
occurs  t o  t h e  r e a c t o r  r ad ius .  
Qw: Is t h e  r e a c t o r  wa l l  hea t  f l u x  (w/cm2) 
neglec ted .  The SiC14(v) d i f f u s e s  t o  t h e  d r o p l e t  s u r f a c e  
and r e a c t s  t o  form N a C l  and S i  which remain p a r t  of t h e  
d r o p l e t .  For t h i s  exothermic r e a c t i o n ,  h e a t  i s  l i b e r a t e d  
and r e s u l t s  i n  hea t ing  of t h e  d r o p l e t  and some hea t  t r a n s f e r r e d  
t o  t h e  surrounding gas  and wa l l .  For a  given i n i t i a l  
f r a c t i o n ,  f ,  of SIC14 requi red  f o r  s to ich iomet ry ,  t h e  e x t e n t  
of t h e  r e a c t i o n  is  determined a s  a func t ion  of a x i a l  movement. 
The r e a c t i o n  r a t e  i s  assumed t o  be  l i m i t e d  on ly  by t h e  
gaseous d i f f u s i o n  t o  t h e  d r o p l e t .  The e x t e n t  of t h e  r e a c t i o n  
is  shown i n  F igure  3  a s  a  func t ion  of t h e  a x i a l  d i s t a n c e .  
For f r a c t i o n s  of SIC14 g r e a t e r  than 0.3, t h e  d r o p l e t  h e a t s  
t o  a  l e v e l  where sodium vapor i za t i on  t akes  p lace .  It is  
seen from Figure  3, thnt S!C14(v) has  completely r eac t ed  i n  
an a x i a l  d i scance  of 5 cm f o r  a  Sic14 f r a c t i o n  of 0.1. I n  
t h e  mass t r a n s f e r  r e l a t i o n s ,  t h e  high mass t r a n s f e r  c o r r e c t i o n s  
f o r  d i f fu s ion1 ,  a r e  taken i n t o  account.  To examine t h e  
d e t a i l e d  r e l a t i o n s  incorpora ted  i n t o  t h e  model t h e  r eade r  
is  r e f e r r e d  t o  References 1 & 2. 
4 .2  Thermal Treatment 
Af t e r  t h i s  i n i t i a l  r e a c t i o n  i s  completed, 10% of t h e  sodium 
has  been r eac t ed  and t h e  p a r t i c l e s  con ta in  t h e  remaining 
90% of t h e  sodium and t h e  products  haC1 p l u s  S i .  This  s t ream 
of d r o p l e t s  i s  then en t r a ined  i n t o  a  h igh ly  a r c  heated gas  
s t ream of Hz and A r  a t  3500°K. The heated s t ream a f f e c t s  
t h e  vapor i za t i on  of Na, t h e  melt ing of NaCl, t h e  vapor i za t i on  
of NaC1, and f i n a l l y  t h e  mel t ing  of t h e  remaining s i l i c o n .  
These s tepwise  processes  a r e  f l l u s t r a t e d  by t h e  r e s u l t s  shown 
i n  F igure  4 .  The h e a t  and mass t r a n s f e r  between t h e  d r o p l e t  
and t h e  gas a r e  governed by c o e f f i c i e n t s  co r r ec t ed  f o r  t h e  
high mass t r a n s f e r  r a t e s .  It i s  seen from Figure  4 t h a t  pure  
molten s i l i c o n  d r o p l e t s  a r e  obtained i n  a  d i s t a n c e  of less 
than 50 cm from t h e  i n j e c t i o n  of t h e  i n i t i a l  sodium d r o p l e t s .  
It is assumed t h a t  t h e s e  i n i t i a l  d r o p l e t s  a r e  s u f f i c i e n t  i n  
s i z e  and number t o  c o l l e c t  t h e  submicron p a r t i c l e s  formed 
between t h e  SiC14(v) and t h e  Na(v). I n  both ana lyses ,  t h e  
r u l e s  governing mass and energy conserva t ion  a r e  upheld f o r  
t h e  gas .  S imi l a r ly ,  t h e  b a s i s  governing mass, energy and 
momentum are upheld f o r  t h e  d r o p l e t .  A s  i n  t h e  c a s e  of t h e  
condensation model, t h e  r e s u l t s  of t h e  a n a l y s i s  i n d i c a t e  t h e  
p r e s s u r e  i s  e s s e n t i a l l y  one atmosphere everywhere and t h e  
i momentum equat ion  f o r  t h e  gas  need n o t  be  involved. Again 
t h e  r eade r  is  r e f e r r e d  t o  References 1 & 2 f o r  a  more d e t a i l e d  
account of t h e s e  ana lyses .  
Diameter = 30.48cm 
4H :1Ar = 0.7 moles/sec 2 
Curve 693968-A 
Curve 693972-A 
Axial Distance (cm 
Figure 4 - Temperature and radius results for droplets with an 
initial sodium flowrate of 3.6 molsls, an initial silicon tetrachloride 
flowrate of 0.9 molsls and 1096 conversion 
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ABSTRACT 
I n  support  of a p r o j e c t  t o  develop a low c o s t  s o l a r  grade 
s i l i c o n  product ion process ,  t e t r a e h l o r o s i l a n e  was reduced by sodium a t  
plasma temperatures  (3000°K) i n  E l abo ra to ry  s c a l e  experiment. The 
r e a c t i o n  product s i l i c o n  was separa ted  and c o l l e c t e d  on t h e  r e a c t i o n  tube 
wal l  thraugh condensation. The experimental  r e s u l t s  show a b a s i c  agree- 
ment w i t h  r e s u l t s  obtained from a h e a t  and mass t r a n s f e r  model, and the  
observed d i f f e r e n c e s  can be  q u a l i t a t i v e l y  a t t r i b u t e d  t o  t h e  model 
c h a r a c t e r i z a t i o n  of  t h e  experiment. 
-- 
*Work supported by JPL (Jet Propuls ion  Laboratory) under c o n t r a c t  
1. INTRODUCTION 
The economic product ion of e l e c t r i c  power using s o l a r  photo- 
v o l t a i c  a r r a y s  depends upon the  a v a i l a b i l i t y  of  s u f f i c i e n t l y  pure,  
inexpensive s i l i c o n .  The Jet propuls ion Laboratory has undertaken t h e  
development of low c o s t  s i l i c o n  photovol ta ic  a r r a y s  a s  p a r t  of  t h e  
1 National  Photovol ta ic  Program. Jn o r d e r  t o  ach ieve  t h e  o v e r a l l  c o s t  
o b j e c t i v e s ,  i t  i s  necessary t o  reduce t h e  cos t  of  p o l y c r y s t a l l i n e  s i l i c o n  
by n e a r l y  an  o rde r  of magnitude. I n  a l a r g e  scale  process  c u r r e n t l y  
L 
under development, s i l i c o n  w i l l  be produced by means of t h e  high tem- 
p e r a t u r e  reduc t ion  of t e t r a c h l o r o s i l a n e  (SIC1 ) by m e t a l l i c  sodium (Na) 4 
i n  an a r c  heated hydrogen-argon gas  mixture.  A s  p a r t  o f  t h i s  development 
program, a  mote f l e x i b l e ,  l abo ra to ry  s c a l e  system was designed and 
opera ted  t o  study r e a c t i o n  r a t e s ,  product y i e l d  and product s e p a r a t i o n  
techniques .  Resu l t s  of t h i s  experiment and mode1 a r e  presen ted .  
DESCRIPTION OF EXPERIMENT 
The experimental system (see  Figure 1) cons is ted  of a c o w e r c i a l  
DC plasma t o r c h  t o  provide the  a r c  heated s t ream of hydrogen and argon, a 
s p e c i a l  nozz l e  for i n j e c t i n g  t h e  sodium and t e t r a c h l o ~ o s i l a n e  i n t o  the  gas il 
stream, a test chamber wlth viewing po r t s  f o r  o p t i c a l  d i agnos t i c s  and having 
a means f o r  product c o l l e c t i o n  by condensation o r  by EiJ t r a t ion ,  a scrubber  
f o r  removal of H C 1  and NaCl Erom t h e  gas s t ream, and a hydrogen burn-off 
s t a c k .  
The l i q u i d  sodium was forced by argon pressure  Erom a heated tank 
through heated l i n e s  t o  t h e  i n j e c t i o n  nozzle.  A manual va lve  con t ro l l ed  
t h e  flow which was monitored by an electromagnet ic  flpwmeter. The 
t a t r a c h l o r o s i l a n e  supply system cons is ted  of a reservoir and an evaporator .  
Argon gas pressure  forced t e t r a c h l o r o s i l a n e  out: of the r e s e r v o i r  i n t o  the  
evaporator .  Flow w a s  con t ro l l ed  by t h r e e  va lves  and measured wi th  a  g l a s s  
, tube  rotameter .  Both sodiu~a and t e t r a c h l o r o s i l a n e  r e a c t a n t s  were de l ivered  
through sepa ra t e  heated nianifolds t o  t h e  heated i n j e c t i o n  nozzle ,  t h e  
temperature of which was maintained above the mel t ing  p o i n t  s f  sodium 
(above 100'~) by a h igh  pressure ,  ho t  water ~ o o l i n g  system. The plasma 
flow channel through t h e  i n j e c t i o n  nozzle  was l i n e d  with a g raph i t e  
s l eeve ,  and t h e  sodium was i n j e c t e d  through r a d i a l  ho le s  i n  t h i s  s l eeve ,  
whereas t h e  f e t r a c h l o r o s i l a n a  i lz ject ion ho le s  were o r i en t ed  towards the 
downstream d i r e c t i o n ,  
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Fig. 1 - System lay-out schematic of kinetics experiment 
The mix ture  o f  hydrogen-argon gas ,  r e a c t a n t s  and p roduc t s  e n t e r e d  
a f low channe l  c o n s i s t i n g  of s e v e r a l  s e c t i o n s  of a 25 mrn d iamete r  s i l i c o n  
c a r b i d e  t u b e  ( s e e  F igure  2 ) .  The t u b e  s e c t i o n s  were con ta ined  i n  f a u r  
water-cooled s t a i n l e s s  steel r e a c t i o n  chamber s e c t i o n s .  Thus t h e  h e a t  
t r a n s f e r r e d  t o  each s e c t i o n  was o b t a i n e d  by  normal c a l o r i m e t r i c  measure- 
ments .  Fol lowing t h e  l a s t  s e c t i o n ,  t h e  gas  e n t e r e d  a d u c t  t o  t h e  con- 
v e n t i o n a l  water-spray sc rubber .  
The nominal gas  and r e a c t a n t  i n p u t  composi t ion2 (6.62 HZ: 1.66 Ar: 
1 . 0  SiC14: 4 .0  Na) was determined by t h e  p r o c e s s  energy requ i rements ,  t h e  
a r c  h e a t e r  o p e r a t i n g  c h a r a c t e r i s t i c s  and t h e  s i l i c o n  p roduc t  p u r i t y  r e q u i r e -  
ments.  The t o t a l  mass f low r a t e  was s c a l e d  accordirlg t o  t h e  power 
c a p a b i l i t y  o f  t h e  t o r c h  t o  p rov ide  t h e  d e s i r e d  o p e r a t i n g  t empera tu res .  
Dwg. 7691A62 
Silicon Carbide Ceramic Tub" ,,., ,,,, 
on Ceramic Su ppr ts  
Provision for Particle Analysis 
and k w e r  / 
Connections; Llnjection Nozzle 
Arc Gas In le t  
Test chamber Sections 
Fig. 2 -Assembly drawing of test apparatus 
3.  THEORY OF PRODUCT SEPARATION 
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Early i n  t h e  process  development i t  became ev ident4  t h a t  t h e  
r e a c t i o n  r a t e s  a r e  mixing l imi t ed .  Thus, t h e  major a n a l y t i c a l  cons ide ra t i on  
was g iven  t o  t h e  means of s i l i c o n  product  s epa ra t i on .  A model was developed 3 
t o  p r e d i c t  t h e  t r a n s f e r  of s i l i c o n  from t h e  product gas  s t ream t o  t h e  r e a c t o r  
w a l l  i n  a  molren s t a t e  by condensation. The model was developed f o r  a 
t u r b u l e n t  s t ream (Re ~50,000) r e p r e s e n t a t i v e  of the  l a r g e  s c a l e  r e a c t o r .  3 
I n  a d d i t i o n ,  t h e  model included t h e  e f f e c t s  of  condensation i n  t h e  bsundary 
l a y e r  upon the  t r a n s f e r  process .  Due t o  s i z e  and power l i m i t a t i o n s ,  t h e  
l a b o r a t o r y  s c a l e  experiment operated i n  t h e  laminar mode ( R e  ~ 2 0 0 0 ) .  The 
model was appl ied  t o  t h e s e  laminar  flow cond i t i ons  by s u b s t i t u t i n g  those  
r e l a t i o n s  d e f i n i n g  the  h e a t  and mass t r a n s p o r t ,  and by involv ing  t h e  analogy 
between h e a t  and i.ulss t r a n s f e r .  The e f f e c t  of condensation i n  t h e  boundary 
l a y e r  w a s  neg lec ted .  S ince  t h e  a x i a l  p r e s s u r e  drop i s  n e g l i g i b l e  ( < 0 . 1  atm), 
t h e  p r e s s u r e  was taken t o  be  1 atm throughout t h e  tube. The conserva t ion  
equa t ions  represen t ing  t h e  s t ream temperature  and s i l i c o n  conten t  were in-  
t eg ra t ed  numerical ly  a long  the  a x i s ,  us ing  t h e  ca l cu l a t ed  equ i l i b r ium com- 
p o s i t i o n  and a s soc i a t ed  t r a n s p o r t  p r o p e r t i e s  a t  t he  s p e c i f i c  temperature .  
Two cases  were c a l c u l a t e d ,  one us ing  Nusse l t  numbers f o r  thermally and 
hydrodynamically developing flow,5 t h e  o t h e r  wi th  a  cons tan t  Nusse l t  number 
r e p r e s e n t i n g  developed flow. A cons t an t  w a l l  temperature above t h e  mel t ing  
p o h t  of  s i l i c o n  (1683°K) was assumed, A t  t h i s  w a l l  temperature ,  only 
s i l i c o n  is condensing and co l l ec t ed  a t  the  w a l l ,  wi th  al.1 o t h e r  spec i e s  
remaining gaseous. 
Figure 3 shows the  f r a c t i o n  of s i l i c o n  remaining i n  t h e  gas 
s t ream a s  a func t ion  of a x i a l  l o c a t i o n  and t h e  a x i a l  temperature d i s t r i -  
bu t ion  f o r  t he  two cases  (developed and developing flow, respectively). The 
r e s u l t s  f o r  t h e  developing flow i n d i c a t e  a r ap id  removal of s i l i c o n  a t  t h e  
en t rance ,  co inc id ing  with a comparable change i n  t h e  s t ream temperature.  
The experimental  arrangement of a h igh  v e l o c i t y  j e t  from a sma l l  diameter 
nozzle  e n t e r i n g  a tube of s i g n i f i c a n t l y  l a r g e r  diameter ,  is expected t o  
produce r e s u l t s  between these  l i m i t i n g  cases .  
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Curve 71 6923-A 
Fig. 3 -Theoretical and experimental axial distribution of the fraction 
of silicon remaining in the gas stream, and axial bulk temperature 
distribution 
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4. RESULTS 
Based upon t h e  va lues  f o r  rhe  power i npu t  and t h e  c a l o r i m e t r i c  
measurements of t h e  h e a t  l o s s e s ,  t he  bu lk  gas temperatures  a t  t h e  t o r ch  
I 
and i n j e c t i o n  nozz le  e x i t s  and a t  t h e  end of t h e  f i r s t  test s e c t i o n  were 
determined from thermodynamic equi l ib r ium p r o p e r t i e s .  Table 1 lists 
bulk temperature  va lues .  Pyromet r ica l ly  measured tube w a l l  temperatures  
4 
a r e  a l s o  shown i n  t h i s  t a b l e .  Weighing of t h e  d i f f e r e n t  s i l i c o n  ca rb ide  
t u b e  s e c t i o n s  b e f o r e  and a f t e r  each run ind i ca t ed  t h e  amount of m a t e r i a l  
depos i ted .  This  product was then separa ted  i n t o  water  so lub l e  and in so l -  
Y 
ub le  subs tances ,  and analyzed by Elec t ron  Dispers ive  Analysis  of  X-rays 
(EDAX), which g ives  t he  e lementa l  composition, and by x-ray d i f f r a c t i o n ,  
t o  f i nd  t h e  c r y s t a l l i n e  components. 
The products  were c o l l e c t e d  i n  t h e  fo l lowing  forms: 
(a)  I n  t h e  regions where t h e  s i l i c o n  ca rb ide  tube  w a l l  temperature  
was above t h e  mel t ing  p o i n t  of s i l i c o n  and t h e  dew p o i n t  of sodium ch lo r ide ,  
( *  
t h e  wa l l  was ccvered wi th  s i l i c o n .  During cool ing  a f t e r  t he  experiment,  
t h i s  s i l i c o n  formed mounds around t h e  circumference and f rozen  pools  a t  
t h e  bottom of t h e  s i l i c o n  ca rb ide  tube. 
(b) I n  t h e  regions where t h e  tube  w a l l  temperature  was s l i g h t l y  
below t h e  mel t ing  po in t  of s i l i c o n ,  t h e  i n s i d e  w a l l  was covered wi th  a  gray 
s c a l e  which could be  e a s i l y  scraped o f f  i n  t h e  form o f  l a r g e  f l a k e s .  i' 
These f l a k e s  cons i s t ed  of  c r y s t a l l i n e  s i l i c o n  and vary ing  amounts of sodium 
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ch lo r ide  ranging from t r a c e  va lues  (1  t o  2% of  sodium ch lo r ide )  i n  t h e  
f l a k e s  from tube s e c t i o n s  wi th  a  wa l l  temperature only s l i g h t l y  below 
t he  dew po in t  of  NaCl t o  more than 50% f a r t h e r  downstream. 
(c) The end s e c t i o n s  of t h e  s i l i c o n  ca rb ide  tube  were covered 
with a  g l a s sy  l a y e r  of sodium ch lo r ide ,  conta in ing  some s i l i c o n .  
(d) The rest of t h e  product i n  t h e  gas  s t ream formed brown par- 
t i c l e s  upon mixing wi th  cold gas.  These p a r t i c l e s  ranged I n  s i z e  from 3 
pm t o  70 pm and cons i s t ed  of a  mixture  of amorphous s i l i c o n  and NaC1. 
Figure 3 con ta in s  a l s o  t h e  experimental  s i l i c o n  condensat ion 
r e s u l t s  obtained by weighing t h e  tube secti .ons a f t e r  one r e p r e s e n t a t i v e  
experiment. The shape of t h e  experimental  d i s t r i b u t i o n  is  similar t o  
t h e  t h e o r e t i c a l  d i s t r i b u t i o n  :or developing flow, b u t  d i sp laced  i n  t h e  
downstream d i r e c t i o n .  There a r e  two explana t ions  f o r  t h i s  downstream 
s h i f t :  (a) t h e  flow cond i t i on  of a  small diameter  je t  e n t e r i n g  a  tube  
of  l a r g e r  diameter  would mean t h a t  t h e  vapor s t ream would no t  c o n t a c t  
t he  tube  wal l  u n t i l  i t  had t r a v e l l e d  a c e r t a i n  d i s t ance ;  (b) evapora t ion  
of t h e  sodium d r o p l e t s  and t h e  subsequent gas  phase r e a c t i o n  process  may 
not  been c o m p l ~ t e d  and equ i l i b r ium may no t  have been reached u n t i l  t h e  
s t ream was w e l l  i n t o  t h e  f i r s t  tube s e c t i o n .  The evidence of r educe i  flow- 
i 
r a t e s  l ead ing  t o  an increased  i n i t i a l  condensation rate suppor t s  e i t h e r  
explanat  ion .  
The c a l o r i m e t r i c a l l y  detennined bulk  gas  temperature  va lue  a t  
t h e  end of t h e  f i r s t  test s e c t i o n  seems t o  i n d i c a t e  t h e  a p p l i c a b i l i t y  
of  t h e  dc 
5 .  DISCUSSION 
Since t h i s  experiment was conducted a s  p a r t  of a l a r g e r  
development program, we would l i k e  t o  consider the  implicat ions of the  
r e s u l t s  on t h i s  development: 
(a) We would l i k e  t o  point  out  t h a t  the  model was developed 
f o r  the  flow geometry of the  l a r g e  sca le  reac tor  i n  which the  e f f e c t s  
t o  which we a t t r i b u t e  the  d i f fe rences  between t h e o r e t i c a l  predic t ion  and 
experimental r e s u l t s  would not be present .  Therefore, t h e  bas ic  agreement 
between model predic t ions  and experiment support the  model used t o  pre- 
d i c t  t h e  s i l i c o n  co l l ec t ion  r a t e .  
(b) The much higher Reynolds number cha rac te r i z ing  the  flow 
i n  the  l a r g e  s c a l e  r eac to r  rill lead  t o  increased heat  and mass t r a n s f e r  
t o  the  r eac to r  wall ,  and, therefore ,  t o  l a r g e r  c o l l e c t i o n  ra tes .  
(c) The low power l e v e l s  used i n  the  labora tory  sca le  experiment 
had the  consequence t h a t  the  c o l l e c t o r  tube wal l  temperature dropped below t h e  
dew po in t  of sodium chlor ide  a f t e r  r e l a t i v e l y  shor t  d is tance ,  leading t o  
c o l l e c t i o n  of sodium chlor ide  together  with the  s i l i c o n .  The design and 
operat ing power l e v e l s  of the  l a r g e  s c a l e  r eac to r  avoid t h i s  problem. 
6 .  COSCLUSIONS 
We can draw t h e  fol lowing c o ~ ~ c l u s i o n a  from our  r e s u l t s :  
The c o n t r o l l e d  reduc t ion  of  t e t r a c h l o r a s i l a n e  by sodium g*, 
plnsnla tenlperotures proceeds a s  pred ic ted  from thern~odynneic 
cons ide ra t i ons .  
The r e a c t i o n  product s i l i c o n  can be separa ted  and c o l l e c t e d  
on a  w a l l  a t  R tenreeracure above t h e  dew poitlt of  sod iun~ ch lo r ide .  
The experimenta3I.y determined condensation r a t e  essen t ia l ly  
fo l lows  t h e  p red i c t i ons  Prom model c a l c u l n t i o n s ,  and t h e  ab- 
served d i f f e r e n c e s  can be explained by the  s imp l i fy ing  assump- 
t i o n s  made i n  t h e  model c h a r a c t e r i z i n g  t h e  experiment. 
Th i s  paper was typed by L e s l i e  A.  A r t h r e l l .  
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SPRAY ATOMIZATION OF LIQUID SODIUM AND 
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A Department of  Energy funded p r o j e c t  a t  t h e  Westinghouse 
Power C i r c u i t  Breaker  D i v i s i o n  f o r  t h e  development o f  a n  a r c  h e a t e r  p r o c e s s  
f o r  t h e  r e d u c t i o n  of s i l i c o n  t e t r a c h l o r i d e  by sodium t o  produce 
p h o t o v o l t a i c  g rade  s i l i c o n  r e q u i r e d  t h e  i n t r o d u c t i o n  o f  b o t h  r e a c t a n t s  
i n  l i q u i d  a e r o s o l  form. Th is  r e p o r t  d e s c r i b e s  exper iments  i n  which 
s p r a y  n o z z l e s  were t e s t e d  and c h a r a c t e r i z e d  f o r  t h i s  purpose  under  
p r o t a t y p i c  c o n d i t i o n s .  P a r t i c u l a r  a t t e n t i o n  was pa id  t o  t h e  l i m i t i n g  
o p e r a t i o n a l  pa ramete rs  o f  t h e  n o z z l e s ,  and t o  t h e  s i z e  d i s t r i b u t i o n  
o f  t h e  a e r o s o l  produced. For  l i q u i d  sodium i n j e c t i o n ,  a n o v e l  s o n i c  
gas  a tomiz ing  n o z z l e  h a s  been chosen and f u l l y  c h a r a c t e r i z e d .  
1 .0  INTRODUCTION 
The r e a l i z a t i o n  of low c o s t  e l e c t r i c  power from la rge-area  
s i l i c o n  pho tovo l t a i c  a r r a y s  w i l l  depend on t h e  development of new methods 
f o r  t he  product ion o f  s o l a r  grade s i l i c o n .  An important  goa l  of t h e  
U.S. Department of Energy (DOE) Nat iona l  Photovol ta ic  Program i s  a reduc t ion  
i n  t he  c o s t  of  s i l i c o n  ingo t  from t h e  prevent  $66 pe r  kg. t o  a f i g u r e  
o f  l e s s  than $10 p e r  kg. by 1986. Among s e v e r a l  p rocess  development 
programs c u r r e n t l y  underway t o  ach ieve  t h i s  end is t h e  one a t  t h e  Westinghouse 
Power C i r c u i t  Breaker (PCB) Div is ion  being supported by NASA Cont rac t  
No. 954589 o u t  of t h e  Jet Propuls ion  Laboratory f o r  DOE. This  process  
i s  based upon t h e  h igh  temperature,  sodium reduc t ion  a f  s i l i c o n  tetr3- 
ch lo r ide ,  SiC14, u t i l i z i n g  e l e c t r i c  a r c  h e a t e r s  t o  f a c i l i t a t e  product  
s e p a r a t i o n  and, t o  i n c r e a s e  temperatures  f o r  h igher  r e a c t i o n  e f f i c i e n c y .  
The s i l i c o n  produced from t h i s  r e a c t i o n  w i l l  be c o l l e c t e d  i n  t h e  l i q u i d  
s t a t e ,  wh i l e  t h e  co-product,sodium ch lo r ide ,  e x i t s  t h e  r e a c t o r  a s  a 
vapor.  
The r e a c t o r ,  p r e s e n t l y  under cons t ruc t ion  a t  t h e  Westinghouse 
Eas t  P i t t s b u r g h  s i te  by t h e  Arc Heater  P r o j e c t  Team, i s  shown schemat ica l ly  
i n  Fig.  1. Liquid sodium i s  sprayed a x i a l l y  i n t o  t h e  r e a c t o r  plenum from 
t h e  l e f t ,  i n  t h e  form o f  small d r o p l e t s  (< 200 ym), The flowing sodium 
is en t r a ined  wi th in  an  a r c  heated s t ream of  4 : l  hydrogen/argon gas  
mixture.  The hea ted  gas causes  r ap id  vapor iza t ion  of t h e  sodium d r o p l e t s ,  
a f t e r  which s i l i c o n  t e t r a c h l o r i d e  is  i n j e c t e d  i n t o  t h e  stream. A r ap id ,  
exothermic r e a c t i o n  occurs ,  and t h e  s i l i c o p  product  i s  sepa ra t ed  from t h e  
gas  s t ream by condensation a s  f r e e  f l i g h t  d r o p l e t s  which a r e  then  c o l l e c t e d  
i n  the  molten s t a t e  by a cyclone s e p a r a t o r  and a quar tz - l ined  c r u c i b l e .  
T h e ~ ~ - ~ ~ ~ d u ~ t v a p o r s  (NaC1, Hz, A r ,  HC1, e t c . )  a r e  exhausted from t h e  
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cyclone sepa ra to r .  Nominal flow condi t ions  a r e  0.047 1s (45 GPH) f o r  
each r e a c t a n t ,  sodium and s i l i c o n  t e t r a c h l o r i d e ,  t o  produce s 45 kg/hr  
(99 l b / h r )  of s i l i c o n .  
One of  t h e  major a r e a s  of concern i n  t h e  development o f  t h i s  
process  i s  the  i n j e c t i o n  of  t he  two r e a c t a n t s  i n t o  t h e  r eac to r .  Nei ther  
s i l i c o n  t e t r a c h l o r i d e  nor  t h e  r educ t an t ,  l i q u i d  sodium, has  prev ious ly  
been t e s t e d  f o r  t h i s  purpose. I d e a l l y ,  t he se  f l u i d s  would be i n j e c t e d  
i n t o  t h e  chemical r e a c t o r  a s  pure  vapors ,  s i n c e  t h e  r e a c t i o n  t akes  d a c e  
i n  the vapor phase. Sodium vapor i n j e c t i o n  a t  t h e  r equ i r ed  pI;essures,  
however, is  a t  t h e  fr inge-of- the-ar t  and is u n a t t r a c t i v e  from an energy 
conserva t ion  viewpoint.  This  r e sea rch  program was t h e r e f o r e  i n s t i g a t e d  
i n  o r d e r  t o  s tudy l i q u i d  sodium and s i l i c o n  t e t r a c h l o r i d e  i n j e c t i o n  
using spray atomizing nozz les .  I n  o r d e r  f o r  t h e  sodium, and t o  a  l e s s e r  
e x t e n t t h e  SiC14, t o  be i n  t h e  vapor phase a t  t he  p o i n t  of  r e a c t i o n ,  i t  
i s  an e s s e n t i a l  p r e r e q u i s i t e  f o r  such nozz les  t h a t  t h e  sp ray  p a r t i c l e  
s i z e  be r e l a t i v e l y  smal l  (< 200 pm), thereby ensur ing  e f f i c i e n t  vapo r i za t i on  
I i n  the a r c  heated c a r r i ? r  gas  stream. 
The major o b j e c t i v e s  of t he  nozzle  op t imiza t ion  program, t h e r e f o r e ,  
were t o  eva lua t e  techniques f o r  i n j e c t i n g  the  r e a c t a n t s  i n t o  t h e  chemical 
r e a c t o r  and t o  i n t e g r a t e  t he  r e s u l t s  i n t o  t h e  des ign  of  t h e  p i l o t  s c a l e  
system. P a r t i c u l a r  a t t e n t i o n  w a s  pa id  t o  the  ope ra t i ng  parameters  
(pressures ,  flow r a t e s  e t c . )  of  t h e  nozz les  and t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  
produced. 
CONCLUSIONS 
1. Liquid sodium a t  150°C can be  s u c c e s s f u l l y  sprayed 
a t  f low r a t e s  o f  0.05 ks- l  (45 GPH) and l i q u i d  
p re s su re s  - % 20 p s i g  us ing  a  Sonicore gas a tomizing 
nozzle .  
2. The p re s su re  (% 40 ps ig )  and flow r a t e  (% 50 SCFM) 
of i n e r t  a tomizing gas requi red  f o r  such spray ing  
w i l l  n o t  s e r i o u s l y  upset  t h e  h e a t  balance i n  t h e  
s i l i c o n  product ion r e a c t o r .  
3. The p a r t i c l e  s i z e  d i s t r i b u t i o n  of t h e  l i q u i d  sodium 
spray  i n d i c a t e s  t h a t  t h e  major propor t ion  of  t he  
sodium mass w i l l  be i n  t h e  form o f  smal l ,  e a s i l y  
vaporized d r o p l e t s  s u i t a b l e  f o r  t h e  chemical 
r e a c t o r  p rocess ,  i .e . ,  i n  t h e  range 20-140 pm 
diameter .  
4 .  The forward v e l o c i t y  of  t h e  l i q u i d  sodium spray i s  
low enough t o  ensure e f f i c i e n t  vapo r i za t i on  i n  t h e  
a r c  h e a t e r  gas stream. 
5. S i l i c o n  t e t r a c h l o r i d e  can be s u c c e s s f u l l y  sprayed 
a t  t h e  r equ i r ed  flow r a t e s  and p a r t i c l e  s i z e s  us ing  
hydrau l i c  a tomizing nozz les .  
3.0 RECOMMENDATIONS 
1. It is  recommended t h a t  t h e  Sonicore 312T gas  
atomizing nozz le  be  used t o  i n j e c t  l i q u i d  sodium 
i n t o  t h e  developmental s i l i c o n  product ion r e a c t o r .  
2. The nozz le  should be  opera ted  a t  an  atomizing gas  
t o  l i q u i d  mass flow r a t i o  o f  a t  l e a s t  0 .8: l .  
3.  The l i q u i d  sodium flow through t h e  nozz le  should 
only be i n i t i a t e d  subsequent t o  t h e  gas  flow, 
and should be terminated p r i o r  t o  c e s s a t i o n  of 
t h e  gas  flow. 
4 .  The Sonicore nozz le  should be pos i t ioned  i n  t h e  
r e a c t o r  a s  c l o s e  a s  p o s s i b l e  t o  t he  a r c  h e a t e r  
gas s t ream, s i n c e  t h e  included spray  angle  i s  
l a r g e .  
5 .  It i s  a l s o  recommended t h a t  t hc  Spraying Systems 
Co. 1 / 4  LN6 hydrau l i c  a tomizing nozz le  be  used 
f o r  s i l i c o n  t e t r a c h l o r i d e  i d j e c t i o n  i n t o  t h e  
chemical r e a c t o r .  
6. The requi red  s i l i c o n  t e t r a c h l o r i d e  p re s scze  a t  
t h e  nozz l e  should be a s  o u t l i n e d  i n  t h e  r e s u l t s  
s e c t i o n  of t h i s  r e p o r t .  
4.0 TECHNICAL BACKGROUND 
4 . 1  Liquid Atomization 
Spraying and atomizing a r e  t e r n s  desc r ib ing  the  process  
whereby l i q u i d s  a r e  transformed i n t o  d r o p l e t s  d i spersed  i n  a i r  o r  
o the r  gases .  Spraying r e f e r s  t o  t h e  formation of more o r  l e s s  coa r se  
d r o p l e t s ,  while  atomizing means t h e  product ion of f i n e  d r o p l e t s  o r  a  
m i s t .  I n  i n d u s t r i a l  opera t ions ,  a l a r g e  v a r i e t y  of l i q u i d s ,  s o l u t i o n s ,  
s l u r r i e s ,  e t c . ,  a r e  atomized, and each has i t s  opm p a r t i c u l a r  phys i ca l  
p rope r t i e s .  These p r o p e r t i e s  and the  requirements of the  a p p l i c a t i o n  
make t h e  choice of t he  c o r r e c t  nozzle  an exac t  and important one. 
Liquid d i s i n t e g r a t i o n ,  o r  breakup, comes about q u i t e  d i f f s r s n t l y  f o r  
d i f f e r e n t  condi t ions  and may t ake  p lace  i n  success ive  s t a g e s  involv ing  
one o r  more mechanisms. Of the  numerous f a c t o r s  upon which breakup 
depends, t he  most important a r e  t h e  p r o p e r t i e s  of t h e  l i q u i d ,  t h e  
design and cons t ruc t ion  of the  atomizing device,  t he  condi t ions  of 
pressure  and flow r a t e  under which t h e  atomizer is  opera ted ,  and t h e  
condi t ions  and p r o p e r t i e s  of t he  gas i n t o  which the  l i q u i d  Ps i n j e c t e d .  
The d e t a i l e d  theory of l i q u i d  s t ream d i s i n t e g r a t i o n  i s  beyond t h e  
scope of t h i s  r e p o r t ,  bu t  has been thoroughly d e a l t  with elsewhere. (1) 
4.2 P a r t i c l e  S i z e  D i s t r i b u t i o n  
The u l t ima te  spray from any nozz le  o r  a tomizer  c o n s i s t s  of a 
l a r g e  number of e s s e n t i a l l y  s p h e r i c a l  d r o p l e t s  of var ious  diameters ,  d ,  
From t h e  number of d r o p l e t s  AN w i th in  each s i z e  i n t e r v a l  Ad one can  
def ine  t h e  s i z e  d i s t r i b u t i o n  func t ion  fN(d) :  
ii: ' P l o t s  of fN(d)  vs .  d  provide a convenient means f o r  p r e sen t ing  and 
* 
comparing experimental  d a t a  on d r o p l e t  s i z e s .  A second u s e f u l  concept 
is the  cumulat ive s i z e  d i s t r i b u t i o n  func t ion  N(<d) ,  def ined  a s  t h e  t o t a l  
number of  d r o p l e t s  smal le r  than the  s p e c i f i e d  diameter  d .  These two 
e" func t ions  a r e  c l o s e l y  r e l a t e d  s i n c e  one is  j u s t  t h e  i n t e g r a l  of t h e  o the r :  
1'- Typica l  behavior  of t he se  func t ions  is  shown i n  F igs .  2 and 3.  
For chemical engineer ing  purposes ,  i t  is  gene ra l l y  much more 
u se fu l  t o  employ d i s t r i b u t i o n  func t ions  based on t h e  mass o f  d r o p l e t s  
( r a t h e r  than  number) wi th in  each s i z e  i n t e r v a l .  Therefore ,  by analogy 
wi th  (4.1) and (4.2) one has  
? 
f o r  the s i z e  d i s t r i b u t i o n  func t ion  (mass-basis), and 
f o r  t he  cumulat ive d i s t r i b u t i o n  func t ion  (mass-basis). It should be  
noted t h a t  t he  number-based and mass-based d i s t r i b u t i o n  func t ions  a r e  
A .  
4 d i s t i n c t l y  d i f f e r e n t ,  y i e l d i n g  d i f f e r e n t  s i z e  averages and s i z e  
d i s p e r s i o n s .  I n  t h e  d i s cus s ion  here ,  mass-basis concepts  w i l l  b e  
adhered t o .  
For many a p p l i c a t i o n s  i t  is  s u f f i c i e n t  t o  know j u s t  t h e  
4: average p a r t i c l e  s i z e  and t h e  spread of p a r t i c l e  s i z e s .  The most 
f a m i l i a r  parameters  f o r  t h i s  purpose a r e  t h e  a r i t h m e t i c  mean d r o p l e t  
* 
P l o t s  of  A N  vs .  d  a r e  equ iva l en t  t o  t h e  above p l o t s  i f  a  cons t an t  
s i z e  i n t e r v a l  Ad i s  employed. 
s i z e ,  da, and t h e  a r i t h m e t i c  s tandard  dev ia t ion ,  ua. These may be 
c a l c u l a t e d  e i t h e r  from t h e  raw experimental  d a t a  (AM f o r  each Ad) o r  
from t h e  s i z e  d i s t r i b u t i o n  func t ion  ( fM(d))  a s  follows: 
The a r i t h m e t i c  parameters da and oa have the  fol lowing 
convenient property:  If t h e  p a r t i c l e  d i s t r i b u t i o n  i s  of t h e  normal 
p r o b a b i l i t y  type,  then one can use da and a t o  w r i t e  t h e  d i s t r i b u t i o n  
a  
func t ion  e x p l i c i t l y  as 
This  form is  use fu l  i f  f u r t h e r  mathematical a n a l y s i s  of p a r t i c l e  p r o p e r t i e s  
i s  requi red .  I n  add i t i on ,  normal p r o b a b i l i t y  paper is  a v a i l a b l e  f o r  
g raph ica l ly  determining da and as from experimental da t a .  
Experimentally it has been found t h a t  most a tomizer  d r o p l e t  
d i s t r i b u t i o n s  extend over  s eve ra l  decades of d rop le t  diameter.  A s  
a  r e s u l t ,  t h e s e  d i s t r i b u t i o n s  cannot be adequately descr ibed  by t h e  
simple normal p r o b a b i l i t y  func t ion  (Eq. 4.7)  which Is b e t t e r  adapted 
t o  r e l a t i v e l y  narrow d i s t r i b u t i o n s .  An e f f e c t i v e  remedy f o r  t h i s  
problem i s  t o  r ep l ace  d i n  the  d i s t r i b u t i o n  func t ion  wi th  logar i thm 
of d; t h e  r e s u l t  i s  c a l l e d  the  log-normal d i s t r i b u t i o n ,  givenlby 
l o g  d-log d 2 
f,(loe d)  = CM JZ-i; log  a (4 .8 )  
g 
The parameters describing this distribution are the peometric 
mean dropler size, dg' and the ~eornetric standard deviation, a The g' 
basic definitions for these geometric parameters are very similar to 
those for the arithmetic parameters, da and aa with d replaced by log 
d; thus 
log d = t (log dl AM 
g CAM 
log a = (4.10) 
g 
Note that a is essentially a ratio of.two d's and therefore is 
g * 
dimensionless. Calculating the two parameters d and 6 is tedious, but 
g g 
can be avoided by the use of log-normal probability graph paper. A 
plot of cumulative mass (%) vs. droplet diameter on this paper yields 
a straight line if the data obey a log-normal distribution. An example 
of this is shown in Fig. 4, which also demonstrates the difference 
between number (count) and mass distributions. The diameter corresponding to 
50% cumulative mass is d The ratio of diameter for 84.1% cumulative g ' 
mass to diameter for 50% cumulative mass is a If the data do not g ' 
follow a log-normal distribution, a curved line will result. Regardless 
of the exact distribution, a cumulative plot of this type is a useful 
form for presenting the data since one can readily obtain a mean droplet 
diameter (50% value of d), a measure of the spread in droplet diameters 
(10% to 90% values of d, for example), or simply the percentage of 
droplet mass within any given size range d 1 ' d2, this being equal to 
* 
A better understanding of ag can be obtained by the following examples: 
For an ordinary normal distribution, 68.3% of the total is 
included in the size range, da-oa to da+aa. 
For a log-normal distribution, 68.3% of the total is included 
in the size range dg/ag to dg*og. 
4.3  Nozzle Types 
Although t h e r e  a r e  many d i f f e r e n t  types of  dev ices  f o r  
producing l i q u i d  sp rays ,  t h e  most widely used ones can be c l a s s e d  a s  
e i t h e r  p r e s su re  (hydraul ic)  nozz les  o r  two-fluid atomizers  (pneumatic). 
The former i s  t h e  s imp le s t  method of causing t h e  d i s i n t e g r a t i o n  of  a 
l i q u i d  s t ream; pressure  energy is  converted i n t o  k i n e t i c  energy as t h e  
l i q u i d  i s  forced  through nozz le  p o r t s ,  and l i q u i d  j e t  i n s t a b i l i t y  
r e s u l t s ,  Patong t h e  v a r i a t i o n s  on t h i s  gene ra l  p r i n c i p l e  are t h e  
f a n ,  swirl, and impact nozz les ,  
Two-fluid atomizers  r e l y  on a h igh-ve loc i ty  gas  s t ream t o  
d i s i n t e g r a t e  t h e  l i q u i d  stream. Unlike p r e s s u r e  a tomizers ,  i n  which 
a l l  the  r equ i r ed  energy is  contained i n  t h e  l i q u i d  i t s e l f ,  t h e  two- 
f l u i d  device  draws on the  energy of  t h e  gas  a s  w e l l .  S ince  t h e  gas- 
contained energy is  independent o f  t h e  q u a n t i t y  of t h e  l i q u i d ,  sma l l e r  
d r o p l e t  s i z e s  and wfder spray  ang le s  can be  achieved a t  low l i q u i d  flow 
r a t e s .  I n  gene ra l ,  two-fluid atomizers  are f a r  more e f f i c i e n t  a t  producing 
very  f i n e  sp rays  (2 20 pm mean diameter)  even a t  r e l a t i v e l y  h igh  
,uid flow r a t e s .  
The d i s t r i b u t i o n  of  a r o p l e t  s i z e s  w i t h i n  gas  atomized sp rays  
gene ra l l y  fol lows a log-normal r e l a t i o n s h i p ,  a l though d e v i a t i o n s  a t  
t h e  l a r g e r  s i z e s  are no t  uncommon. The median drop diameter  i s  l a r g e l y  
determined by t he  mass r a t i o  of  gas  t o  l i q u i d ,  and by t h e  r e l a t i v e  
v e l o c i t i e s  of t h e  gas and l i q u i d  s t reams.  Nukiyama and Tanasawa (2 
produced an o f t e n  quoted empi r i ca l  express ion  r e l a t i n g  t h e  mass mean 
diameter ,  d t o  t h e  phys i ca l  p r o p e r t i e s  and v e l o c i t i e s  o f  t h e  
gm ' 
f l u i d s  : 
where V = re la t? .ve v e l o c i t y  o,£ gas  and l i q u i d  s t reams 
"\ 
y = surFace t ens ion  of l iqu id  
p = d e n s i t y  of  l i q u i d  
p = viscosity of l i q u i d  
QR,Qa = volume klow r a t e s  of  l i q u i d  and gas  r e s p e c t i v e l y  
This  express ion ,  however, is  only  claimed t o  apply t o  smal l ,  converging 
nozz les  a t  c e r t a i n  c a p a c i t i e s  and f o r  a smal l  range o f  l i q u i d  p r o p e r t i e s .  
It has n o t  been found t o  hold f o r  nozz les  o f  markedly d i f f e r e n t  des ign  
from those  i n  t h e  o r i g i n a l  s tudy.  
A more gene ra l l y  app l i cab l e  c o r r e l  ; ion has  r e c e n t l y  been 
der ived  by tubanska.  (') Of re levance  t o  t h e  p re sen t  s tudy i s  t h e  
f a c t  t h a t  h i s  express ion  was s p e c i f i c a l l y  aimed a t  t h e  i n c l u s i o n  of 
d a t a  on t h e  aton\ izot ion of  l i q u i d  metals .  Agreement between d i f f e r e n t  
I: 
workers '  d a t a  was s:hieved by t h e  use o f  R cons tan t  f a c t o r ,  K, dependent 
on the  e x a c t  des ign  o f  t h e  nozz le  used. Over an ex t ens ive  range of s i z e  
and l i q u i d  p r o p e r t i e s ,  t h e  express ion  i s  
where D = diameter  of l i q u i d  s t ream 
v m p V 6  = kiaemutic  v i s c o s i t y  o f  l i q u i d  and gas r e s p e c t i v e l y  
2 
W a -  p v  = Weber aun~ber Y 
Sf- E! = mass flow r a t e  of  l i q u i d  
A nlass Plow r a r e  o f  gas  
Recent ly  n new s t y l e  of  gas a tomizing nozz le  has  become 
a v a i l a b l e  which relies on an i n t e n s e  son ic  enersy f i e l d  to break  up 
the  Liquid. These son ic ,  o r  u l t r a s o n i c ,  sp ray  nozz les  f e a t u r e  a h igh  
v e l o c i t y  gas  s t ream which impinges an n r e sona to r  c a v i t y  thereby 
producing t h e  energy f i e l d .  The l i q u i d  s t ream i s  then in t roduced  
i n t o  t h i s  f i e l d  and n h igh ly  e f f i c i e n t  nromization i s  achieved. It 
i s  claimed t h a t  t he se  n ~ e z l e s  can produce a uniform p a r t i c l e  d i s t r i b u t i o n  
with very low median diameters  and a t  lower gas t o  l i q u i d  mass r a t i o s  than 
can convent ional  two f l u i d  atomizers .  The f a c t  t h a t  l a r g e r  l i q u i d  
o r i f i c e  diameters can be used means t h a t  high l i q u i d  f low r a t e s  can ~e 
achieved a t  reasonable pressures .  Also, r e l a t i v e l y  viscous o r  p a r t i c l e -  
contaminated f l u i d s  can be sprayed. 
4.4 P a r t i c l e  S ize  Determination 
There a r e  a number of d i f f e r e n t  techniques t h a t  have been 
appl ied  t o  t h e  measurement of drop s i z e s .  They can be convenient ly 
grouped i n t o  s i x  gene ra l  methods. 
4 .4.1 Plicroscopy 
I n  t h i s  technique d r o p l e t s  a r e  simply c o l l e c t e d  on a s l i d e  and 
examined microscopical ly .  Modern instruments  u t i l i z e  a T.V. camera and 
a processor  which ana lyses  t h e  pu l se s  i n  t h e  T,V.  scans and au tomat ica l ly  
determines the  s i z e  d i s t r i b u t i o n ,  For t he  t e s t i n g  of a sodium spray ,  
t h i s  method would have t h e  advantages of a wide s i z e  range (% 1-1000 vm), 
and a small amount of t e s t  m a t e r i a l  requi red  (% 0.58). The major d i s -  
advantage would be the  d i f f i c u l t y  i n  d i spe r s ing  p a r t i c l e s  on the  s l i d e  
without aggregat ion,  and t h e  r e a c t i v i t y  of sodium with a i r  and moisture.  
In  add i t i on ,  i f  t h e  s l i d e  i s  simply suspended i n  t h e  sp ray ,  d i s t o r t i o n  
of d r o p l e t  shape can occur and t h e  sma l l e s t  p a r t i c l e s  can be missed 
due t a  t h e  gas s t ream flowing around t h e  s l i d e ,  
4.4.2 X-Ray Sedimentation 
I n  t h i s  technique s o l i d i f i e d  epray p a r t i c l e s  a r e  d ispersed  
i n  a l i q u i d  of app ropr i a t e  d e n s i t y  and v i s c o s i t y  and placed i n  a f l a t  
v e r t i c a l  c e l l .  A beam of s o f t  x-rays t r a v e r s i n g  t h e  c e l l  i a  used t o  
monitor t h e  mass of pa rk l c l e s  i n  t h e  c e l l  a t  a given p o s i t i o n  a s  a 
func t ion  of time, The r a t e  of s e t t l i n g  of t h e  p a r t i c l e s  i s  used t o  
determine t h e  p a r t i c l e  size d i s t r i b c $ i o n ,  which i s  then au tomat ica l ly  
ca l cu la t ed  by the  inetrument  and recorded g raph ica l ly ,  Among t h e  
disadvantages of t h i s  technique a r e  t h e  p o s s i b i l i t y  of p a r t i c l e  
agglomeration and t h e  need f o r  a r e l a t i v e l y  l a r g e  q u a n t i t y  of m a t e r i a l  
(5-log). Also, a  p e r i s t a l t i c  pump i s  used which might deform c l u s t e r s  
of  s o f t  meta l  p a r t i c l e s .  The upper s i z e  l i m i t  of  t h e  instrument  is  low 
(50-100 pn1) . 
4 . 4 . 3  I n e r t i a l  Separa t ion  * 
A cascade impactor i s  e s s e n t i a l l y  a  s e r i e s ,  o r  cascade,  of 
f l a t  s u r f a c e s  mounted d i r e c t l y  i n  f r o n t  of p o r t s ,  o r  j e t s ,  through 
which a  sp ray  may be drawn. The jets decrease  i n  s i z e  a s  t h e  spray  
progresses  through t h e  device ,  This  causes  t he  gas  v e l o c i t y  t o  
i n c r e a s e  and t r a v e r s i n g  d r o p l e t s  EPnd inc reas ing  d i f f i c u l t y  i n  pas s ing  
o b s t a c l e s .  The f i n a l  p o s i t i o n  of cap tu re  of t h e s e  d r o p l e t s  i e  r e l a t = d  
t o  t h e i r  s i z e ,  and the  p a r t i c l e  s i z e  d i s t r i b u t i o n  i s  obta ined  by 
w e i ~ h i n g  t h e  i n d i v i d u a l  c o l l e c t i o n  p l aces .  The impactor i s  e s s e n t i a l l y  a 
d i r e c t  sunipling, on-l ine device ,  but  has  t h e  disadvantage,  f o r  t h e  
p re sen t  a p p l i c a t i o n ,  of  being r e s t r i c t e d  t o  low s i z e  ranges (2 30 pm). 
4.4.4 Photographic Analysis  
Droplet  s i z e s  determined by photographing n spruy should 
i n  theory be t he  most d i r e c t  and l e a s t  af:fected by coalescence.  It 
i s ,  however, extremely d i f f i c u l t  t o  photograph f a s t  moving, s m a l l  
(<  20 pm) d r o p l e t s ,  tlrrd t o  dcc ide  which a r e  i n  focus and which a r e  n o t .  
Moseover, cha results of a  photographic  s i z e  a n a l y s i s  a r e  a s p a t i a l  
r a t h e r  than a  t e~npora l  d i s t r i b u t i o n .  'For our tests, i t  was cons idered  
cha t  t h e  very h igh  spray flow r a t e s  and consequent h igh  p a r t i c l e  
d e n s i t i e s  would preclude the  succes s fu l  use of  photography f o r  p a r t i c l e  
s i z i n g .  
4.4.5 O p t i c a l  Pietheds 
O p t i c a l  methetrs involv ing  t h e  mensurenlent o f  t he  i n t e n s i t y ,  
c o l o r ,  and po lax i za t i on  of l i ~ h t  s c a t t e r e d  by a  sp ray  as well a s  l i g h t  
crnnsmj.ssion and d i f f r a c t i o n ,  have only  found s p e c i a l i z e d  a p p l i c a t i o n  
i n  t h c  p a s t .  With t h e  development o f  inexpensive bu t  s o p h i s t i c a t e d  
laser technology, however, t he se  methods are f i n d i n g  a  wide appea l .  
D e t a i l s  aE t h i s  gene ra l  technique are included i n  S e c t i o n  5.3.1. 
4.4.6 S i e v i n g  
Sieving is,  of  course,  a well-known technique which employs 
a s e r i e s  of  wire sc reen  s e p a r a t o r s  of  decreas ing  sc r een  s i z e  p l u s  some 
type o f  mechanical a g i t a t i o n  t o  e f f e c t  t he  p a r t i c l e  s epa ra t i on ,  The s i z e  
d i s t r i b u t i o n  i s  then  obtained by weighing t h e  separa ted  f r a c t i o n s .  The 
advantages of t h i s  method a r e  t h e  g r e a t  f l e x i b i l i t y  i n  choice  of s i z e  
ranges; t h e  f a c t  t h a t  a mass d i s t r i b u t i o n  is  obta ined  d i r e c t l y ;  and t h e  
small  amount (%lg) of m a t e r i a l  requi red .  I n  a d d i t i o n ,  a l i q u i d  sodium 
spray r e a d i l y  l e n d s  i t s e l f  t o  r ap id  f reez ing .  This  p a r t i c l e  s o l i d i f i c a t i o n  
process is  o f t e n  achieved us ing  l i q u i d  n i t r o g e n  because of  i ts  low 
temperature,  bu t  a l s o  because i t s  low s u r f a c e  t ens ion  permi ts  ea sy  
pene t r a t i on  by t h e  d r o p l e t s .  
A comparative c h a r t  of t h e  p a r t i c l e  s i z e  ranges of t h e  
methods considered f o r  s ~ d i u m  p a r t i c l e  s i z i n g  is  shown i n  Fig .  5. Of a l l  
these techniques ,  s i e v i n g  was chosen a s  t h e  primary method by v i r t u e  
of i t s  f l e x i b i l i t y ,  r e l i a b i l i t y  and i t s  l a c k  o f  experimental  complications. 
DESCRIPTION OF EXPERIMENTS 
5 .1  Spray Tes t  Equipment 
5 .1 .1  Tes t  Chamber 
Candidate nozz les  were t e s t e d  i n  a  c y l i n d r i c a l ,  s t a i n l e s s  
s t e e l  (AISI type  304) chamber shown schemat ica l ly  i n  F ig .  6. The chamber 
was 34 cm i n  diameter  and 8 1  cm i n  he igh t  and was supported on a  
s tand  60 cm above the ground. The chamber was f langed a t  bo th  ends and 
was equipped wi th  two viewing p o r t s ,  180° a p a r t  and a t  a  45' ang le  t o  
t h e  h o r i z o n t a l .  The windows of  these  p o r t s  were f i t t e d  w i th  an i n e r t  
gas sweep system t o  reduce t h e  p o s s i b i l i t y  of  sodium a e r o s o l  depos i t i on .  
Test  nozz les  were mounted i n  a  nozzle  ho lder  a t  t he  top  of t h e  chamber 
t o  which were a t t ached  sodium and gas  i n l e t  l i n e s ;  t h e s e  l i n e s  and t h e  
nozz les  were equipped with tubular  h e a t e r s .  To t h e  base  f l a n g e  was 
a t t ached  a  c o l l e c t i o n  funnel  and valved g l a s s  bulbs  t o  f a c i l i t a t e  
t h e  removal of s o l i d  sodium spray p a r t i c l e s  without  contaminat ion o f  t h e  
chamber atmosphere. 
Excessive p re s su re  build-up i n  t h e  chamber could be  r e l i e v e d  
v i a  an a d j u s t a b l e  p re s su re  r e l i e f  va lve  set a t  % 15  p s i .  This  r e l i e f  
, P' 
valve  was vented through a  high capac i ty  (300 SCFM) f i l t e r  t o  remove any 
La  
f i n e l y  divided sodium p a r t i c l e s .  The chamber was a l s o  equipped wi th  
an i n t e r n a l  s t a i n l e s s  s t e e l  f i l t e r ,  F ig .  7 ,  through which normal ( c  15  
p s i )  g a s  p re s su re s  were vented during spray  t e s t i n g .  
5.1.2 Argon Supply System 
I n e r t  gas f o r  use i n  t e s t i n g  t h e  two-fluid gas  a tomizing 
nozzles  was supp l i ed  from a rack  of t h r e e  argon c y l i n d e r s  l i nked  through 
a manifold.  Before e n t e r i n g  t h e  nozz le ,  t h e  gas  was passed through 
a  high capac i ty  flow meter (100 SCm max.), p r e s su re  gauges and a  
copper gas  h e a t e r .  This  h e a t e r  precluded t h e  p o s s i b i l i t y  of premature 
f r eez ing  of sodium i n  t h e  nozz les  due t o  a cold gas flow. The gas  
flow was c o n t r o l l e d  by so lenoid  opera ted  va lves .  
5 .1.3 Sodium Supply System 
The sodium supply tank  cons i s t ed  of a t h r e e  ga l lon  c y l i n d r i c a l  
s t a i n l e s s  s t e e l  r e s e r v o i r  (61  c m  x 1 5  cm) wi th  hemispherical  end 
caps,  F ig .  8. This  tank was equipped wi th  two l e v e l  probes and c lamshel l  
type h e a t e r s ,  and was l i nked  t o  t he  nozz le  ho lder  v i a  a f a s t -ope ra t i ng ,  
e l e c t r i c a l l y  c o n t r o l l e d  pneumatic va lve .  Liquid sodium flow from t h e  
tank t o  t h e  nozz le  was c o n t r o l l e d  by p r e s s u r i z i n g  t h e  sodium s u r f a c e  
with argon. 
The flow r a t e  was monitored by an e lec t romagnet ic  flow meter 
(%A, S t y l e  FM2) t h e  ou tput  of which could be  recorded on a h igh  speed 
Vis icorder  c h a r t  r eco rde r  (max. c h a r t  speed: 406 cm s - l ) .  The sodium 
r e s e r v o i r  w a s  f i I 7 e d  wi th  high p u r i t y  sodium by t r a n s f e r r i n g  t h e  l i q u i d  
metal  from a s t o r a g e  drum v i a  a s t a i n l e s s  steel l i n e  which incorpora ted  
a 1 5  pm s i n t e r e d  meta l  f i l t e r .  
The e n t i r e  sodium i n j e c t i o n  test system, comprising chamber, sodium 
tank and gas  h e a t e r ,  i s  shown i n  F ig .  9. 
5.1.4 S i l i c o n  Te t r ach lo r ide  Supply System 
The pumped supply system used f o r  t e s t i n g  t h e  s i l i c o n  t e t r a -  
ch lo r ide  i n j e c t i o n  nozz le  i s  shown schemat ica l ly  i n  F ig .  10. The l i q u i d  
was pumped from a 5 l i t e r  s t e e l  s t o r a g e  cy l inde r  us ing  a p o s i t i v e  d i s -  
placement pump (Tu th i l lPump  Co., Chicago, Pump No. OLE) wi th  a maximum 
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capac i ty  of  0 . 1  R s (90 GPH) a t  690 kPa (100 p s i ) .  A flow meter and 
pressure  gauge were incorpora ted  i n  t h e  l i n e  which de l ive red  t h e  s i l i c o n  
t e t r a c h l o r i d e  i n t o  tt test chamber nozz le  holder .  The e n t i r e  appara tus  
was p re s su re  checked wi th  argon a t  690 kPa (100 p s i )  before  f i l l i n g .  
S i l i ~ o n  t e t r a c h l o r i d e  (Van de Mark Chemicals, > 99.9%) was in t roduced  
i n t o  t h e  5 l i t e r  r e s e r v o i r  by vacuum d i s t i l l a t i o n  a t  room temperature  
from a s t o r a g e  drum (10 ga l lon) .  
5.2 T e s t  Nozzles 
A review of t h e  performance c h a r a c t e r i s t i c s  o f  t h e  d i f f e r e n t  
n o z z l e  t y p e s  o u t l i n e d  i n  S e c t i o n  4 . 3  l e d  t o  t h e  c o n c l u s i o n  t h a t  a gas  
a tomiz ing  n o z z l e  w a s  p r e f e r a b l e  f o r  t h e  t a s k  of sodium i n j e c t i o n  i n t o  
t h e  p r o t o t y p e  r e a c t o r .  Because o f  i ts  lower  g a s  f low requ i rements ,  a 
s o n i c  n o z z l e  (Son icore  312T, Sonic  Development Corpora t ion ,  New J e r s e y )  
was chosen as t h e  prime c a n d i d a t e  f o r  t e s t i n g .  A schemat ic  o f  t h e  
n o z z l e ,  F i g .  11, shows how a  h i g h  v e l o c i t y  gas  s t r e a m  i s  d i r e c t e d  th rough  
t h e  body o f  t h e  n o z z l e  and impinges on an  e x t e r n a l l y  mounted r e s o n a t o r  cup. 
An i n t e n s e  s o n i c  energy f i e l d  is  t h e r e b y  produced i n  t h e  c a v i t y  between 
t h e  n o z z l e  and t h e  cup,  t h e  d e t a i l s  o f  which have been t r e a t e d  
t h e o r e t i c a l l y  and exper imenta l ly  by t h e  i n v e n t o r s .  ( 4 )  Liqu id  i s  i n j e c t e d  
i n t o  t h i s  energy f i e l d  and a n  e f f i c i e n t  a t o m i z a t i o n  r e s u l t s .  The 
n o z z l e  body, F i g .  12 ,  i s  c o n s t r u c t e d  o f  t y p e  316 s t a i n l e s s  steel and t h e  
r e s o n a t o r  cup o f  H a s t e l l o y  B,  a  h i g h  n i c k e l  a l l o y .  The flow rztes 
and p r e s s u r e s  recommended f o r  t h e  a t o m i z a t i o n  o f  water w i t h  compressed 
a i r  us ing  t h i s  n o z z l e  a r e  shown i n  F i g .  13.  These d a t a  were used 
a s  a  gu ide  f o r  t e s t i n g  t h e  n o z z l e  w i t h  l i q u i d  sodium. 
I n  a d d i t i o n  t o  t h e  S o n i c o r e  n o z z l e ,  a  more c o n v e n t i o n a l  
g a s  a tomiz ing  n o z z l e  (Sprayco, Nashua, New Hampshire, n o z z l e  No. 
49267650) was p rocured  a s  a  backup i n  c a s e  t h e  s o n i c  n o z z l e  was d e f i c i e n t  
i n  some a s p e c t  o f  i t s  o p e r a t i o n .  
For  t h e  i n j e c t i o n  of s i l i c o n  t e t r a c h l o r i d e ,  a  lower  l i q u i d  
flow r a t e  was r e q u i r e d ,  0 . 0 1  !L s-l (9 GPH), s i n c e  i t  was planned t o  
use  f i v e  n o z z l e s  i n  t h e  a r c  h e a t e r  s i l i c o n  p r o c e s s  p i l o t  f a c i l i t y .  F o r  
* 
t h i s  r e a s o n ,  and s i n c e  u l t r a - f i n e  p a r t i c l e  s i z e  w a s  n o t  e s s e n t i a l ,  
a h y d r a u l i c  n o z z l e  (Spraying Sys terns CO. , 1 / 4  LN6 ) w a s  chosen f o r  
r e s t i n g .  
* 
It shou ld  a l s o  b e  no ted  t h a t  s i n c e  SIC14 b o i l s  a t  57OC a t  o n e  a tmosphere  
p r e s s u r e ,  i t s  r a p i d  v a p o r i z a t i o n  i n  t h e  h o t  a r c  h e a t e r  gas  stream w a s  
less dependent on a c h i e v i n g  a f i n e  p a r t i c l e  s i z e .  
5.3 Tes t  Procedures  
The test p l an  f o r  t h e  c h a r a c t e r i z a t i o n  of t h e  sodium i n j e c t i o n  
nozz l e  was d iv ided  i n t o  t h r e e  phases.  F i r s t l y ,  a  genera l ,  s e m i -  
q u a n t i t a t i v e  i n v e s t i g a t i o n  of  t h e  mode of ape ra t i on  of t h e  nozz le  us ing  
water  a s  t h e  test f l u i d  was pursued. These tests involved measuring 
spray ang le s ,  l i q u i d  and gas  p re s su re s  and flow. r a t e s ,  and a s s e s s i n g  t h e  
mean spray  v e l o c i t y  with t h e  a i d  of  h igh  speed photography and video 
record ing  equipment ( I n s t a r ) .  Secondly, a  q u a n t i t a t i v e  de te rmina t ion  
o f  the  p a r t i c l e  s i z e  produced by t h e  sodium nozz les  was performed 
us ing  l a s e r  imaging techniques (descr ibed  below), aga in  wi th  water  a s  
t h e  test f l u i d ,  F i n a l l y ,  t h e  p a r t i c l e  s i z e  and ope ra t i ng  c h a r a c t e r i s t i c s  
of  t h e  nozz l e  wereconfirmed wi th  l i q u i d  sodium a s  t he  test  f l u i d  and 
s i e v i n g  a s  t h e  s i z e  a n a l y s i s  technique.  A t h e o r e t i c a l  comparison of 
nozz le  performance between water  and sodium vas a l s o  made. 
5 .3 .1  P a r t i c l e  S i z e  Analysis  - Laser  Techniquz 
Both t h e  Sonicore and Sprayco candida te  sodium nozz les  were 
t e s t e d  a t  a  s p e c i a l i z e d  a e r o s o l  p a r t i c l e  s i z i n g  l abo ra to ry  ( P a r t i c l e  
Measuring Systems Inc.  (PMS) Boulder, Colorado). The nozz les  were mounted 
i n  a  wind tunne l  f a c i l i t y ,  Fig. 14 ,  which enabled the  atomized spray  
t o  b e  swept through an instrument  s t a t i o n  equipped wi th  l a s e r  spec t rometers  
f o r  determining t h e  p r e c i s e  p a r t i c l e  s i z e  d i s t r i b u t i o n .  
The b a s i c  p r i n c i p a l  of ope ra t i on  of these  spec t rometers  can 
be descr ibed  wi th  t he  a i d  of  Fig.  15. A col l imated l a s e r  beam 
i l l u m i n a t e s  a  p a r t i c l e  i n  t h e  v i c i n i t y  of t h e  ob j ec t  p l ane  of an  
imaging system, The shadow of t h e  p a r t i c l e  i s  p ro j ec t ed  a t  a  known 
magni f ica t ion  and moves a c r o s s  a l i n e a r  photodiode a r r a y .  The shadow 
o f  a p a r t i c l e  is  r e l a t e d  t o  t h e  p a r t i c l e  s i z e  by t h e  magni f ica t ion .  
Two types  of processing e l e c t r o n i c s  are used i n  conjunc t ion  
with t he se  a r r ays .  The O p t i c a l  Array Spectrometer simply determines 
the number of  elements shadowed by t h e  p a r t i c l e  and thus  provides  a  
p a r t i c l e  diameter measurement (1-D Spectrometer) .  The second type  o b t a i n s  
c. f u l l  two-dimensional shadow images of p a r t i c l e s  (2-D Spectrometer)  by 
s imul taneous ly  sampl ing t h e  o u t p u t  o f  e a c h  photodiode e lement  i n  t h e  
a r r a y  a t  a very  f a s t  r a t e  t o  p r o v i d e  s e q u e n t i a l  image slices as t h e  
shadow t r a n s i t s  t h e  a r r a y .  (5)  
I n  o u r  t e s t i n g  b o t h  t h e  1 D  and 2D Spec t romete rs  were  used ,  
cover ing  t h e  p a r t i c l e  s i z e  ranges  20-300p and 25-600~  r e s p e c t i v e l y ,  
To a  f i r s t  approximat ion,  t h e  sample c r o s s  s e c t i o n  i n  t h e s e  
O p t i c a l  Array Spec t romete rs  is t h e  p r o d u c t  o f  t h e  a r r a y  wid th  and t h e  
p a r t i c l e  dep th-of - f i e ld .  I n  t h e  c a s e  o f  t h e  1-D Spec t romete r ,  end e lements  
of t h e  a r r a y  a r e  used t o  r e j e c t  p a r t i a l  shadow c o n d i t i o n s  which would r e s u l t  
i n  u n d e r s i z i n g .  I n  t h e  c a s e  o f  t h e  2-D s p e c t r o m e t e r ,  p a r t i a l  shadows 
a r e  handled through s o f t w a r e  i n  t h e  a n a l y s i s  o f  t h e  image d a t a .  To 
complete t h e  sample c r o s s  s e c t i o n  d e f i n i t i o n ,  one needs  o n l y  t o  d e f i n e  
t h e  dep th-of - f i e ld .  I f  t h e  i l l u m i n a t e d  r e g i o n s  are w e l l  c o l l i m a t e d ,  
t h e  depth-of-f ie ld  i s  l i m i t e d  o n l y  by d i f f r a c t i o n - i n d u c e d  d i v e r g e n c e  
o f  t h e  shadow r e g i o n  behind t h e  p a r t i c l e , w h i c h  c a u s e s  g r a d u a l  f i l l i n g  
and f a d i n g  o f  t h e  shadow boundar ies .  (6) For p r e s e n t  d i e c u s s i o n s ,  we 
need on ly  t o  r e c o g n i z e  t h a t  t h i s  d i v e r g e n c e  l e a d s  t o  i n a c c u t a t e  
measurements a t  l a r g e  dep ths -of - f i e ld  and t h a t  t h e  a v a i l a b l e  depth-of- 
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, , f i e l d  where a c c u r a t e  measurements can b e  made v a r i e s  a s  t h e  s q u a r e  of 
t h e  p a r t i c l e  r a d i u s .  A p a r t i c l e  20 um i n  d iamete r  has a 1 mm depth-of- 
f i e l d  w h i l e  a  p a r t i c l e  s e v e r a l  hundred microns  i n  d i a m e t e r  m y  have up t o  
, 
I a  meter  dep th-of - f i e ld .  I n  an  ins t rument  s i z i n g  t h e s e  l a r g e r  p a r t i c l e s ,  
<I $: t h e  dep th-of - f i e ld  i s  i n v a r i a b l y  t r u n c a t e d  by t h e  mechanical  l i m i t s  o f  t h e  
sampling a p e r t u r e .  However, w i t h  s i z i n g  s m a l l  p a r t i c l e s ,  t h e  depth-of-  
f i e l d  must be t r u n c a t e d  by o t h e r  t h a n  mechanical  means i f  a  l a r g e  
ix 
percen tage  o f  t h e  p a r t i c l e s  are t o  be  sainpled i n  s i t u .  The method most 
i 
: F" 
:. + comrnonly used t o  p r o v i d e  o p t i c a l  dep th-of - f i e ld  t r u n c a t i o n  i s  through t h e  
use o f  m u l t i p l e  t h r e s h o l d i n g  i n  t h e  p r o c e s s i n g  of t h e  shadow s i g n a l s  from 
each p h o t o d e t e c t o r  e lement .  One t h r e s h o l d  i s  obv ious ly  r e q u i r e d  f o r  
s i z i n g  and a second f o r  d e p t h - o f - f l e l d l i m i t i n g .  For  a c c u r a t e  p a r t i c l e  
s i z i n g ,  t h e  a p p r o p r i a t e  shadow t h r e s h o l d  i s  approx imate ly  50%. I n  o r d e r  
t o  t r u n c a t e  t h e d e p t h - o f - f i e l d  i t  i s  d e s i r a b l e  t h a t  a secondary 
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t l ~ r e s h o l d  be set a t  a darker  l e v e l .  Th i s  lower th reshold  must be 
reached by a t  l e a s t  one of t h e  shadowed elements dur ing  p a r t i c l e  t r a n s i t .  
This  secondary t h r e sho ld  need only be s l i g h t l y  lower than 50% (roughly 
t he  amount equ iva l en t  t o  t he  n o i s e  band). I f  maximum depth-of-f ie ld  
i s  d e s i r e d ,  a s e t t i n g  of about 60% i s  used. If  a s h o r t e r  depth-of 
f i e l d  i s  d e s i r e d ,  s e t t i n g s  of up t o  80% a r e  used. 
I n  t h e  1-D Spectrometers depth-of-f ie ld  c a l i b r a t i o n  i s  
performed over  the s i z e  range through a c t u a l  measurements. It can be 
c a l i b r a t e d  t o  b e t t e r  than 10% f o r  s p h e r i c a l  p a r t i c l e s .  
When the  2-D Spectrometer i s  a p p l i e d  t o  measurements of s m a l l  
p a r t i c l e  s i z e ,  the  method j u s t  descr ibed can be used o r  m u l t i p l e  shadow 
dens i ty  l e v e l s  can be s imultaneously measured and d isp layed  i n  t h e  
imagery t o  provide a grey-scale  which con ta in s  t he  needed depth-of-f ie ld  
information.  This  aga in  can be  processed by sof tware.  The depth-of- 
fieid can be  more accu ra t e ly  s p e c i f i e d  s i n c e  p a r t i c l e  morphology 
information i s  a l s o  a v a i l a b l e .  
The d e t a i l e d  r e s u l t s  obtained dur ing  our  tests a t  PMS a r e  
presented i n  f u l l  i n  Sec t ion  6.2.1. 
5.3.2 Sodium I n j e c t i o n  Procedure 
I n  o r d e r  t o  c o l l e c t  t h e  d r o p l e t s  generated i n  t h e  sodium 
i n j e c t i o n  test f o r  s i z e  a n a l y s i s ,  they had t o  be f rozen  be fo re  they 
contac ted  any test chamber su r f ace .  They then s e t t l e d  t o  t h e  bottom of 
the  chamber where t he  c o l l e c t i o n .  system, Fig. 6 ,  was l oca t ed .  
A minimum cond i t i on  f o r  f r eez ing  t h e  sodium d r o p l e t s  i s  t h a t  
a  s u i t a b l e  o v e r a l l  hea t  ba laace  be achieved. Assuming i n j e c t i o n  
cond i t i ons  of 0.75 GPM of  sodium a t  1 .50 '~  and 50 SCFM of  argon a t  
150°C combining t o  produce sodium a e r o s o l  which is  then cooled t o  
50°C, c a l c u l a t i o n  shows t h a t  13 .3  kW of  cool ing  power would be  
requi red .  
Continuous ope ra t i on  of t he  i n j e c t o r  under t h e s e  cond i t i ons  
could have been achieved by cont inuously f lowing precooled gas  through t h e  
i s  s h o r t .  With t h e  chamber gas cooled t o  - lOO°C t h e  maximum i n j e c t i o n  
per iod  is  1 . 3  seconds, f o r  gas a t  -196°C t h e  al lowable per iod  becomes 
4.6 seconds. A f i n a l  ae roso l  temperature of 50°C is  assumed he re ,  a s  
i n  t h e  e a r l i e r  e s t ima te s .  
V e r i f i c a t i o n  of t he  nozzle  opera t ion  wi th  l i q u i d  sodium was 
achieved, t he re fo re ,  by making a  s e r i e s  of s h o r t  du ra t ion  (1-3 seconds) 
t e s t  i n j e c t i o n s  i n t o  a pre-cooled chamber. The f rozen  sodium p a r t i c l e s  
were then c o l l e c t e d  a t  t h e  base of t h e  chamber and removed t o  an  i n e r t  
atmosphere glove box f o r  s i e v i n g  and weighing. S i x  s t a i n l e s s  s t e e l  
U.S. s tandard  s i e v e s  were used i n  t h e  s i z e  range 38-425 pm. Each 
i n j e c t i o n  was con t ro l l ed  au tomat ica l ly  by a  programmable c o n t r o l l e r  
(Texas Instruments ,  5TI) t o  which the  so lenoid  va lves  (gas l i n e ) ,  
pneumatic va lve  (sodium l i n e ) , g a s  hea ter ,and  v i s i c o r d e r  were e l e c t r i c a l l y  
connected. The c o n t r o l l e r  was programmed t o  ope ra t e  each i n j e ~ f - i o n  
i n  t he  fol lowing sequence: 
1. Gas h e a t e r  on 
2 .  Argon flow on 
3. Vis icorder  on 
4. Sodium flow on 
5 .  Sodium flow o f f  
6 .  Vis icorder  o f f  
7. Gas h e a t e r  o f f  
8. Argon flow o f f  
The t i m e  i n t e r v a l  between each of t h e s e  s t e p s  w a s  v a r i a b l e  down t o  
0.1 seconds. Each i n j e c t i o n  was v i s u a l l y  observed through t h e  viewing 
p o r t s ,  bu t  a t tempt3 t o  t ake  high speed photographs of t h e  spray  were 
hampered by t h e  d i f f i c u l t y  i n  t r ansmi t t i ng  s u f f i c i e n t  l i g h t  through 
t h e  dense ae roso l .  
The sodium flow p r o f i l e  f o r  t hese  s h o r t  d u r a t i t n  i n j e c t i o n s  
was recorded by pass ing  t h e  electromagnet ic  flow meter s i g n a l  
i n t o  t h e  v i s i co rde r .  A t y p i c a l  flow p r o f i l e  is  shown i n  Fig.  16 
which i s  a p l o t  of t h e  s i g n a l  ( i n  m i l l i v o l t s )  a g a i n s t  time f o r  a 
two second i n j e c t i o n .  The p r o f i l e  e x h i b i t s  a sharp  inc rease  when 
the  pneumatic sodium va lve  i s  f i r s t  opened and a small i n i t i a l  peak a f t e r  
% 1/10  second. This  i e  followad by a gradual  decrease  for the main 
du ra t ion  of t h e  i n j e c t i o n ,  followed by a f a i r l y  sharp  cu t -of f .  This  type  
of p r o f i l e  enabled an accu ra t e  c a l c u l a t i o n  of t h e  sodium flow r a t e  us ing  
s tandard  c a l i b r a t i o n  t a b l e s ,  
6.0 RESULTS 
6 . 1  General Nozzie C h a r a c t e r i s t i c s  
-. 
6.1.1 Spray Angle 
The Sonicore nozz le  was i n i t i a l l y  s t u d i e d  by t ak ing  s t i l l  
photographs,  Fig.  17,  and h igh  speed video t apes  wi th  water  a s  t h e  
spray ing  l i q u i d .  These photographic records  showed t h a t  the nozz l e  
sp ray  was no t  q u i t e  homogeneous, bu t  was s p l i t  i n t o  3 segments o f  
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g r e a t e r  sp ray  d e n s i t y ,  presumably caused by t h e  3 s t r u t s  suppor t ing  
t h e  nozz le  r e sona to r  cup. The average included spray  ang le ,  however, 
was of t h e  o rde r  o f  60-70'. There was very  l i t t l e  evidence of  
d r ipp ing  from t h e  nozz l e  dur ing  cont inuous opera t ion .  
Subsequently,  t h e  nozz le  was mounted i n  an a d j u s t a b l e  
c y l i n d r i c a l  shroud, F i g .  18. The d i s t a n c e ,  L, was v a r i a b l e ,  enabl ing  
e i t h e r  spray ing  d i r e c t l y  i n t o  t he  atmosphere o r ,  a l t e r n a t i v e l y ,  from 
w i t h i n  an enclosed cy l inde r .  It was f e l t  t h a t  t h i s  l a t t e r  mode would 
s imu la t e ,  t o  some e x t e n t ,  t h e  situation expected i n  t h e  s i l i c o n  
product ion  r e a c t o r .  A t  va r ious  va lues  of L between 0 and 12", t h e  sprayed 
water  impinging on t h e  c y l i n d e r  w a l l s  i n  a  given time was c o l l e c t z d  
and measured. The r e s u l t s  a r e  presented i n  F ig .  19 a s  percentage 
t% water  recovered ve r sus  L. With t h e  nozz l e  10" from t h e  edge of  t h e  
shroud, on ly  ~ 2 0 %  o f t h e  i n j e c t e d  water emerged from t h e  cy l inde r .  
This  r e s u l t  i s  s i , gn i f i can t  s i n c e ,  a t  L = lo" ,  t h e  angle  between t h e  
nozz le  and t h e  edge o f  t h e  shroud i s  60°,  i n d i c a t i n g  t h a t  t h e  spray  
& ang le  f o r  t h e  shroud-enclosed nozzle  was g r e a t e r  than f o r  t h e  non- 
enclosed ca se .  This  same e f f e c t  i s  s e e n a t  a l l  d i s t ances  w i t h i n  t h e  
cy l inde r .  The most probable  explana t ion  f o r  t h i s  phenomenon i s  t h a t  
t h e  high v e l o c i t y ,  c o n i c a l  spray draws a i r  from t h e  dead space behind 
i t ;  t h i s  a i r  cancot  r e a d i l y  be  r ep l aced ,  thereby producing a  tendency 
f o r  t h e  sp ray  cone ang le  t o  i nc rease .  
This  r e s u l t  may be of importance i n  t he  chemical r e a c t o r ,  
s i n c e  a very l a r g e  spray angle  could r e s u l t  i n  t h e  atomized l i q u i d  
p a r t i c l e s  impinging d i r e c t l y  on t h e  c y l i n d r i c a l  r e a c t o r  w a l l s  before  
they can be en t r a ined  i n  t h e  a r c  h e a t e r  gas stream. A p o s s i b l e  s o l u t i o n  
would be the in t roduc t ion  s f  a secondary i n e r t  gas flow around t h e  
nozzle ,  thereby cance l l i ng  out  t h e  a s p i r a t o r  e f f e c t .  Such a course  
of a c t i o n  would upset t h e  hea t  balance of t h e  r e a c t o r ,  however, and a 
b e t t e r  approach would be t o  simply p o s i t i o n  t h e  nozzle  a s  c l o s e  a s  
poss ib l e  t o  t h e  a r c  h e a t e r  gas stream. 
6.1.2 Spray Veloc i ty  
A sough t h e o r e t i c a l  e s t ima te  of t h e  maximum a e r o s o l  v e l o c i t y  
s h o r t l y  a f t e r  i t  emerges irom a nozz le  can be obta ined  from cons ide ra t ion  
of monlentum conservat ion:  
I n i t i a l  Momentum Rate of Gas it I n i t i a l  Momentum Rate o f  Liquid = 
F i n a l  Molae~tum Rate of Aerosol (6 1) 
Fcr n ni t rogen  flow of 35 SCFM, a water  flow of 1 .5  GPM, and a nozzle  
diameter of 1 cnl, one has  
(20.6 g / s ec )  x (210 m/sec) + ( 9 4 . 6  g /aec)  x. (0) = (115.2 g /set) 
x mean a e r o s o l  v e l o c i t y  ( 6 . 2 )  
fron; which one ob ta ins  a mean a e r o s o l  v e l o c i t y  of about 38 ms-l. A 
second momentum exchange process  becomes apprec i ab le  a f t e r  t h e  ae roso l  
has t r ave l ed  only 4 t o  5 nozzle  diameters  from t h e  nozzle:  (7) a j e t  
flow 4.irvelops which e n t r a i n s  ad j acen t  gas i n t o  the  jet,  f u r t h e r  
dece l e ra t ing  it. Af te r  a d i s t a n c e  of about  1 0  nozz le  diameters ,  a 
f u l l y  developed tu rbu len t  f r e e  jet  i s  ee t ab l i shed  which e n t r a i n s  gas k- 
equiva len t  t o  t he  nozzle  f l u i d  mass flow f o r  about every 3 nozzle  
diymneters a long  the  jet a x i s ;  conaequently t h e  jet d e c e l e r a t i o n  may 
become q u i t e  pronounced. 
(', I n  t h e  ca se  of t h e  Sonicore nozz le ,  ttawever, cons iderab ly  
lower v e l o c i t i e s  might be expected a f t e r  t h e  s t ream impinges on t h e  
r e sona to r  cup. This  was confirmed by a  photographic a n a l y s i s  of t h e  
spray  produced by t h e  nozzle  i n  both i t s  normal mode and wi th  t h e  
?', r e sona to r  cup removed. Without t h e  cup, t h e  nozz le  s t i l l  o p e r a t e s  
l i k e  a  two-fluid a tomizer ,  a l though i t  produces coa r se r  p a r t i c l e s ,  
and i n  t h i s  manner might be expected t o  approximate more t o  t h e  
t h e o r e t i c a l  p r e d i c t i o n  gSven above. 
tm High speed s t r o b e  photographs of t h e  spray  showed t h a t  wi thout  
t h e  son ic  cup i n  p o s i t i o n ,  t h e  p a r t i c l e s  a t  a  d i s t a n c e  of 3 f e e t  from 
1 t h e  nozz le  were e f f e c t i v e l y  f rozen  us ing  a  f l a s h  speed of 25600 seconds. 
A t  a  reduced f l a s h  speed of - seconds, however, each p a r t i c l e  i n  t h e  6400 
k .  f i e l d  of view c l e a r l y  l e f t  a  t r a i l  on t h e  p r i n t  i n d i c a t i n g  a  f i n i t e  
degree of movement dur ing  t h e  du ra t i on  of t h e  exposure. Measurement of 
t h e s e  d i s t a n c e s  d i r e c t l y  from the  p r i n t s  enabled approximate v e l o c i t i e s  
t o  be c a l c u l a t e d .  It was c l e a r  t h a t  t h e r e  was a cons ide rab l e  spread 
i n  v e l o c i t i e s ,  t h e  major i ty  l y i n g  i n  t h e  range 8-20 m s - I .  I n  c o n t r a s t ,  
w i th  t h e  r e sona to r  cup i n  p o s i t i o n ,  t h e  p a r t i c l e  v e l o c i t i e s  were s o  
much slower t h a t  even a t  t he  lowest f l a s h  s ~ e e d s  no movement could 
be  de tec ted .  
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The p a r t i c l e  v e l o c i t i e s  were e s t ima ted ,  however, from h igh  
speed video f i lms  taken a t  120 frames per  second. Analysis  o f  t hose  
- 1 f i l m s  i n d i c a t e d  p a r t i c l e  v e l o c i t i e s  i n  t h e  range 1-2 m s  . 
,-. 
J 6.2 Sodium Nozzle S i z e  D i s t r i b u t i o n  
6 .2 .1  Laser  Imaging Resu l t s  
The ~ p e r a t i n g  parameters f o r  t h e  nozz le  tests performed a t  
h P a r t i c l e  Measuring Systems (P.M.S.) a r e  shown i n  Table  1. A t o t a l  
o f  seventeen tests was run on the  Sonicore and Sprayco nozz les  a t  
varying water  flow r a t e s  and gas-to-liquid mass r a t i o s .  The Sprayco 
nozz le  has  an a d j u s t a b l e  o u t l e t  which c o n t r o l s  i t s  spray  p a t t e r n  and 
p a r t i c l e  s i z e ,  and t h e  d i s t a n c e s  i n  p a r e n t h e ~ e s  a r e  a measure o f  t h i s  
ad j us tmen t . 
The r e s u l t s  a r e  p r in t ed  out  by the  computer i n  a number of 
d i f f e r e n t  forms, v i z ,  p l o t s  of mass d i s t r i b u t i o n ,  number d i s t r i b u t i o n ,  
cumulative mass d i s t r i b u t i o n ,  and a t a b l e  of t h e  p r e c i s e  d a t a  from 
which the  p l o t s  a r e  compiled. 
Figure 20 i s  an example of a  s imple mass d i s t r i b u t i o n  p l o t  
which shows the percentage of t h e  t o t a l  mass which i s  present  a s  p a r t i c l e s  
of a  p a r t i c u l a r  s i z e .  The s i z e  a x i s  i s  d iv ided  i n t o  15 channels (30 
f o r  t he  2D spec t rometer ) ,  each wi th  a  20 pm span and covering t h e  t o t a l  
range 20-300 pm f o r  t he  1 D  spectrometer  and 20-600 pm f o r  t he  2D. 
A second way of present ing  t h i s  same information i s  shown 
i n  Fig. 21, a  cumulative mass d i s t r i b u t i o n ,  which shows the  percentage 
of the  t o t a l  mass present  a s  p a r t i c l e s  l e s s  than a  given s i z e .  
Each of t h e  seventeen t e s t s  wao run f o r  a t  l e a s t  3 minutes of 
cont inua l  nozzle  opera t ion  and p l o t s  quch a s  F igs .  20 and 21 were 
obtained a t  t e n  second i n t e r v a l s .  Rather than reproduce a l l  of t h i s  
da t a ,  t he  r e s u l t s  a r e  presented i n  F igs ,  22-25 a s  log-normal d i s t r i b u t i o n s  
(see Eq. 4.8) f o r  t h e  Sonicore and Sprayco nozz les  a s  determined by t h e  1 D  
and 2D spectrometers .  The r e s u l t s  f o r  a given ~ r o z z l e  and spectrometer  
are presented a s  a  band wi th in  which a l l  of' t h e  i n d i v i d u a l  p l o t s  (every 
10 seconds) f a l l .  Although t h e  r e l a t i o n s h i p s  obta ined  were not  a l l  
p e r f e c t l y  l i n e a r ,  i t  was f e l t  t h a t  t he  log-normal d i s t r i b u t i o n  was t h e  
bes t  method f o r  p re sen t ing  and comparing t h e  d i f f e r e n t  nozzles .  
One s t r i k i n g  f e a t u r e  a£ t h e  r e s u l t s  was the  very  l a r g e  number 
of p a r t i c l e s  observed i n  the sma l l e s t  s i z e  channel,  i .e . ,  20 pm. The 
d i s t r i b u t i o n s  depic ted ,  however, a r e  converted i n t o  mass, which s h i f t s  the  
mean diameter t o  a  h igher  value.  
Comparisons of Fig. 22 wi th  Fig.  23, and of Fig.  24 wi th  F ig .  25, 
reveal  a  s i g n i f i c a n t  d i f f e r e n c e  between t h e  I D  and 2D r e s u l t s  f o r  t h e  
same nozzle .  The mean diameter obtained from ~ ? I B  1 D  is  5-10 t i m e s  l a r g e r  
than t h a t  from the  2D. This  apparent  anomaly has been shown t o  be  due 
t o  a  high degree of coincidence e r r o r  i n h e r e n t  i n  t h e  less sophistica.i;ed 
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1 D  ins t rument .  This  e f f e c t  is  due t o  t h e  very h igh  concen t r a t i on  c f  
smal l  p a r t i c l e s  noted e a r l i e r ,  which can cause  p a r t i c l e  even t s  which 
a r e  a c t u a l l y  two o r  more smal l  p a r t i c l e s  pass ing  through t h e  sample 
a r e a  s imultaneously,  Fig.  26. The computer a n a l y s i s  of t h e  d a t a  from 
the  2D spectrometer  inc ludes  c e r t a i n  r e j e c t i o n  c r i t e r i a  t o  e l i m i n a t e  
such coincidence e r r o r s  t h a t  can occur  i n  t h e  I D .  These a r e :  
( i )  Bulk Area - A r e c t a n g l e  is drawn around t h e  image 
such t h a t  t he  s i d e s  of t h e  r e c t a n g l e  touch t h e  
e x t r e m i t i e s  of t h e  image ( s ee  Fig.  27) .  I f  t h e  
rsk 3 of t he  p a r t i c l e  a r e a  (number of shadowed 
elements i n  t he  image) t o  t h e  a r e a  of  t h e  
r e c t a n g l e  i s  < .5, t he  p a r t i c l e  is  r e j e c t e d .  
( i i )  L ight  S l i c e  - Figure  26 shows t h e  r e l a t i o n s h i p  of 
t h e  o p t i c a l  a r r a y  t o  two p a r t i c l e s .  The p a r t i c l e s  
would be  seen by t h e  OAP-1D a s  one p a r t i c l e  event  
and s i z e d  a s  22 elements.  The Lgght S l i c e  computer 
a lgor i thm r e j e c t s  t h i s  event  because t h e r e  i s  a  
l i g h t  s l i c e  normal t o  t h e  o p t i c a l  a r r a y .  
( i i i )  Aspect Rat io  - P a r t i c l e s  wi th  dimensions normal 
t o  t h e  o p t i c a l  a r r a y  of > 3 t imes t h e  dimension 
p a r a l l e l  t o  the  a r r a y  a r e  r e j e c t e d .  Th i s  h e l p s  
e l i m i n a t e  s t r e a k e r s  which may r e s u l t  from impact 
wi th  p a r t  of t he  probe such a s  t h e  t i p s .  
Fu r the r  computer a n a l y s i s  of t h e  2D d a t a  was performed wi th  
t he se  r e j e c t i o n  c , r i t e r i a  d e l i b e r a t e l y  omit ted from t h e  program. This  
r e s u l t e d  i n  s n  i nc rease  i n  t h e  apparent  p a r t i c l e  s i z e s  t o  va lues  similar 
t o  t hose  repor ted  by t h e  1D inst rument .  This  check thereby confirmed 
t h a t  t he  l a r g e  1' vaiues  were caused by t h e  i n a b i l i t y  of t h e  ins t rument  
co i nc lude  qhe more r i go rous  r e j e c t i o n  c r i t e r i a  of t h e  2D. Since  t h e  
1D d a t a  cannot b e  n o d i f i e d  t o  accept  t he se  computer a lgo r i t hms ,  they 
ca~ lno t  be ifieluded i n  our  assessment of t h e  nozz le  performance. 
The 2D da t a ,  however, i s  considered t o  be f u l l y  r e p x s s e n t a t i v e  o f  t h e  
n o z z l e  spray produced. 
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A d e t a i l e d  .study . o f - t h i s  . 2D d a t a  f o r  t he  Sonicore nozzle ,  
Fig.  23, shows s e v e r a l  features . .of  i n t e r e s f .  , F $ r s t l y ,  when t h e  nozz le  
was ope ra t ing  i n  i t s  ,normal.mod_e, t h e  mass median drop- s i z e  va r i ed  
between 18  and 68 pm. A s  expected, however, when t h e  r e sona to r  cup 
was removed from the  nozz le ,  causing i t  t o  ope ra t e  l i k e  a more 
convent ional  gas atomizer,  t he  median diameter increased  t o  % 240 pm. 
Equations 4 . 1 1  and 4.12 i n d i c a t e  t h a t  t h e  mean diameter  might be 
expected t o  decrease wi th  inc reas ing  gas t o  l i q u i d  mass r a t i o s .  Within 
t h e  band of r e s u l t s  i n  Fig.  23, t h i s  was gene ra l ly  found t o  be t r u e ,  
a l though the  r e l a t i o n s h i p  was n o t  s u f f i c i e n t l y  reproducib le  t o  enable  
an empi r i ca l  dependence such as Eq. 4.12 t o  be formulated. From t h i s ,  
w e  can conclude t h a t  s i n c e  t h e  h ighes t  gas t o  l i q u i d  r a t i o  i n  t hese  
t e s t s  was 0.28, t he  h ighe r  v a l i e s  permi t ted  i n  t h e  s i l i c o n  r e a c t o r  
(up t o  1 .0)  should e a s i l y  produce a mass median drop s i z e  c 25 pm. 
Figure  25 shows t h a t  the  r e s u l t s  f o r  t h e  Sprayco nozzle  were 
s i m i l a r  i n  range and spread t o  those f o r  t h e  Sonicore.  Again, t h e r e  
was an o v e r a l l  tendency towards smal le r  median diameters  a s  the  gas 
to  l i q u i d  mass r a t i o  increased .  I n  f a c t ,  t h e  drop s i z e s  f o r  the  
Sprayco were gene ra l ly  s l i g h t l y  smal le r  than those  f o r  t he  Sonicore 
nozz le ,  
6 . 2 . 2  Sieving Resu l t s  
The r e s u l t s  of the  sodium p a r t i c l e  s i e v i n g  experiment f o r  
t he  Sonicore nozz le ,descr ibed  i n  Sec t ion  5.3.2, a r e  presented  i n  
Table 2. These da t a  a r e  shown t o  obey a  log-normal d i s t r i b u t i o n  i n  
F ig .  23 which a l s o  inc ludes  t h e  2D d a t a  f o r  t he  same nozz le .  The mass 
median diameter i s  140 pm and t h e  a va lue  i s  1.85. Both of t hese  g 
f i g u r e s  r e f l e c t  a n o t i c e a b l e  d i f f e r e n c e  between t h e s e  r e s u l t s  and 
those  obtained by t h e  l a s e r  technique,  6.2.1.  The l a r g e r  median diameter  
i nd ica t ed  by t h e  s i e v i n g  d a t a  is  not  incons is tenk  wi th  t h e  inhe ren t  
i i m i t a t i o n s  of the  two techniques. I n  the  s i ev ing  experiment, t h e  very 
sma l l e s t  p a r t i c l e s  tended t o  be swept upwards i n  t h e  i n j e c t i o n  chamber 
end were l a t e r  found t o  have been t rapped on t h e  f i l t e r .  These p a r t i c l e s ,  
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of course,  were extremely smal l  and probably have l i t t l e  e f f e c t  on 
the  o v e r a l l  mass d i s t r i b u t i o n .  A more s e r i o u s  source of e r r o r  which 
might l ead  t o  high r e s u l t s ,  however, i s  t h e  p o s s i b i l i t y  of l a r g e r  
p a r t i c l e s ,  o r  even d r i p s ,  being produced when t h e  spray  i s  f i r s t  
s t a r t e d  up o r  switched o f f .  These l a r g e r  p a r t i c l e s  would c e r t a i n l y  
fal l .  t o  t h e  bottom of t he  chamber and be c o l l e c t e d .  I n  t h e  laser 
experiment,  however, t he  spray  was on ly  sampled wh i l e  t h e  nozz le  was 
con t inua l ly  ope ra t ing  i n  a s teady  s t a t e .  Any l a r g e r ,  non-typical  
p a r t i c l e s  formed during s tar t  up would n o t  show up i.n t h i s  a n a l y s i s .  
Another reason why the  l a s e r  experiments might m i s s  some l a r g e r  
p a r t i c l e s  i s  t h a t  t h e  water was sprayed h o r i z o n t a l l y  a s  opposed t o  v e r t i c a l l y  
downwards i n  the  sodium f r eez ing  and s i e v i n g  t e s t s .  Some heav ie r  
p a r t i c l e s  could t h e r e f o r e  have been g r a v i t a t i o n a l l y  separa ted  from t h e  
spray before  reaching the  spectrometer  probes. 
The atomizat ion of water  and sodium may be t h e o r e t i c a l l y  
compared by s u b s t i t u t i o n  i n  Lubanska's empi r i ca l ly  der ived  equat ion  
(Eq .  4 . 1 2 )  descr ibed i n  Sec t ion  4.3. The marked s i m i l a r i t y  i n  t h e  
d e n s i t y ,  v i s c o s i t y  and su r f ace  t ens ion  of  water  at 25°C and sodium a t  
150°C, d i c t a t e  t h a t  t h e  mean p a r t i c l e  diameter  of  atomized sodium should 
be very s i m i l a r  t o  t h a t  of water  i n  t h e  same nozz le  and under 
i d e n t i c a l  flow condi t ions .  
6 . 3  S i l i c o n  Te t r ach lo r ide  Nozzle Tes t  
The nozzle  chosen f o r  the  t a s k  of s i l i c o n  t e t r a c h l o r i d e  
i n j e c t i o n  (Spraying Sys tems Gg. , Nozzle No. 1./'4 LN6) h a s  been f u l l y  
cha rac t e r i zed  by the manufactuxers. For t h i s  reason,  t he  l abo ra to ry  
t e s t s  were conducted simply t o  demonstrate t he  f e a s i b i l i t y  of producing 
a f i n e  s i l i c o n  t e t r a c h l o r i d e  spray  under t he  proposed r e a c t o r  condi t ions .  
The p a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  t h e  nozzle  a t  t h e  p ro j ec t ed  flow 
condi t ions  (9 GPH, 100 p s i )  is  shown i n  Fig. 28. The mass median 
diameter i s  c l o s e  t o  120 pm wi th  a  a of  1.44.  g  
A s e r i e s  .of t e s t  i n j e c t i o n s  wi th  , .  . ,. s i l i c o n  . .  t e t r a c h l o r i d e  
*.:I:; run at 9 GPH and 100 p s i  f o r , u p  t o  a minute. ,. , . The r e s u l t a n t  
i ~ s a y  was recorded using high speed (1000 frames p e r  second) cine-  
p!iotogsaphy. Films were , sho t  t o  show the  nozzle  dur ing  both s t a r t  up 
aad s t eady  s t a t e  .cont inual  opera t ion .  
7.0 DISCUSSION 
The main purpose of t h e  p r o j e c t  was t o  s e l e c t  and c h a r a c t e r i z e  
a nozzle  s u i t a b l e  f o r  t h e  spray a tomiza t ion  of l i q u i d  sodium i n t o  
small  (< 200 um) p a r t i c l e s  a t  r e l a t i v e l y  high flow r a t e s  (45 GPH). The 
r e s u l t s ,  presented i n  Sec t ion  6.0, show t h e  Sonicore 312%' s o n i c  gas  
atomizing nozz le  t o  be s u i t a b l e  f o r  t h i s  task .  The Sprayco gas atomizing 
nozzle  a l s o  gave every i n d i c a t i o n  t h a t  i t  could produce p a r t i c l e s  of 
a s u f f i c i e n t l y  smal l  s i z e  t o  be used i n  the  r e a c t o r .  The e f f i c i e n t  
ope ra t ion  of t h e  l e t t e r  nozz le  was, however, very  s e n s i t i v e  t o  t h e  adjustment  
of t he  spray o r i f i c e s .  This  added complexity l e d  t o  t h e  dec i s ion  
t o  concent ra te  t e s t i n g  on the  Sonicore nozz le ,but  i t  i s  f e l t  t h a t  t h e  
Sprayco could a l s o  perform s a t i s f a c t o r i l y  i f  more development t i m e  were 
t o  be expended on i t .  In a d d i t i o n  t o  t h e  c o l l e c t i o n  of p a r t i c l e  s i z e  
da t a ,  i t  was necessary t o  acqu i r e  ope ra t ing  experience wi th  t h e  nozz le  
and t o  pay p a r t l c u l a x  a t t e n t i o n  t o  t he  manner i n  which t h e  nozzle  
would be  i n t e g r a t e d  i n t o  Lhe sodium supply system s f  t h e  s i l i c o n  
product r e a c t o r .  
It, has been mentioned i n  Sec t ion  6.1.3 how the  spray  angle  
produced by t h e  nozzle  d i c t a t e s  t h a t  i t  be pos i t i oned  a s  c l o s e  a s  
poss ib l e  t o  t h e  a r c  h e a t e r  gas stream. The d iscovery  t h a t  t h e  spray 
v e l o c i t y  i s  r e l a t i v e l y  low compared wi th  o t h e r  types  of nozz le s ,  i s  
a l s o  of relevence t o  t h e  r e a c t o r - s i n c e  longer  res idence  times i n  t h e  
hot gas s t ream n e a r  t he  a r c  h e a t e r s  w i l l  f a c i l i t a t e  vapor i za t ion  of t h e  
sodium. 
8 7 
The t h e o r e t i c a l  and experimental  s tudy of  t h e  dependence 
of p a r t i c l e  s i z e  an gas-to-liquidmass r a t i o  is a l s o  d i r e c t l y  r e l a t e d  
t o  t he  s i l i c o n  process  p i l o t  u n i t .  For t h e  i n i t i a l  tests, t o  be run 
a t  45 GPH sodium, an argon atomizing gas flow of 50 SCFM has  been 
recommended. Th i s  should enable  t he  nozz le  t o  ope ra t e  smoothly f o r  long 
p e r i . ~ d s  of t i m e  wi th  t h e  minimum amount of  d r ipp ing ,  and t o  provide 
s u f f i c i e n t l y  sma l l  p a r t i c l e  s i z e s .  By cons ide ra t i on  of both t h e  
laser imaging and the  s i e v i n g  r e s u l t s ,  t h e  mass median p a r t i c l e  s i z e  
is expected t o  be i n  t h e  range 20-140 pm. This  is  c e r t a i n l y  w i t h i n  
the l i m i t s  r equ i r ed  f o r  e f f i c i e n t  vapo r i za t i on .  
The r e s t i n g  of t h e  s i l i c o n  t e t r a c h l o r i d e  nozz le  was a l s o  
succes s fu l .  The chosen hydrau l i c  nozz le  was s h o w  t o  ope ra t e  e f f i c i e n t l y  
a t  t h e  r equ i r ed  cond i t i ons  of 9 GPH and 100 p s i .  
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TABLE 1 
Tests Performed at PMS 
SONICORE NOZZLE 























Particle Size Analysis of Sodium Spray 
(Sonicore Nozzle - Model 312T) 
Cumulative 
Size Range (u )  Mass of Na ( g )  Mass % Mass X 
300-400 0.0865 11.24 100.00 
200-300 0.1249 16.23 88.76 
100-200 0.3434 44.63 72.52 
50-100 0.1802 23.42 27.89 
<50 0.0344 4.47 4.47 
Test Parameters 
Sodium Flow 45 GPH 
Argon Flow 50 SCFM 
Argon Pressute ~ 4 0  PSI 
Gas:Liqufd Mass Ratio = 0.6 
S I LICON PROCESS REACTOR ASSEMBLY 
i 
h r v e  ;15993-B 
____C 
Average Particle Size of Range 
Fig. 2 - Typical frequency particle size 
distr ibut ion plot 
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Particle Diameter 
Fig. 3 -Typical cumulative p r t i c l e  size 
distr ibut ion plot 
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Curve 71 5992-A 
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X- Ray Sedimentation 
Fig. 5 - Particle size analysis ranges 
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3. Nozzle H W  
4. Filter 
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8. View Port 
9. Support Stand 
10. Gas Distribution Funnel 
11. Particle Collector 
12. Test Fluid Supply Tank 
13. View Port Sweep Gas 
14. Gas Supply 
15. Gas Heater 
16. Emergency Pressure Relief 
17. Elect. Heater 
18. Gas Flwmeter 
19. Liquid Flowmeter 
20. 300 SCFM Absolute Filter 
Fig. 6 -.injection techniques test system 
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BLACK AND WHITE PHOTOGRAPH 
Fig. 7 .  In terna l  s t a f n l e s s  s t e e l  f i l t e r  f o r  i n j e c t i o n  t e s t  
chnmher. 
Pig. 8. I ' l ~ o t o ~ r i ~ l ~ h  i r f  the Sodium S t o r a ~ e  Tank 
F i g .  Q .  Complete sodium injection test svstem. 
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5 L I T E R  
RESERVO I R 
FIGURE 10, SCHEMATIC OF THE S I L I C O N  TETRACHLORIDE SUPPLY SYSTEM 
Resonator 
Fig. 11 - Schematic of Sonicore .312 nozzle 
Air 
Liquid 
Fig. 12. Photograph of Sonicore 312T nozzle. 
4 7 
Curve 696885-A 
Water Flo!lr! (GPH) 
Fig.13-Operational parameters for Sonicore 31ZT nozzle. Water flow vs water 
pressure ( A ) ,  Air  Pressure (B) , Air Flow ( C )  
Fig.  14. Par t i c l e  S i ze  F a c i l i t y  at  P.M.S. ( I n c . ) ,  showing wind tunnel and l a s e r  
spectrometers . 
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Fig. 15. Simplified optical diagram illustrating the typical 
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Fig. 17. Sonicore nozzle operating in air with water 
as the test fluid and nit- as the atomizing 
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Fig. 20 - Mass distr ibut ion plot for Sonicore nozzle, run # 1 
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Fig. 21 - Cumulative mass distr ibution for Sonicore 
nozzle, run # 1 
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Curve 71 5996-A 
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Fig. 23 - Log- normal distribution for Sonicore nozzle -2D spectrometer 
Curve 715997-A 
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Fig. 24 - Log- normal distribution for Sprayco nozzle- lD spectrometer 
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o ELEMENT 1 
Fig. 26. 1D spectrometer coincidence error, 































o ELEMENT 1 
BULK AREA = X*Y 
Fig. '27. 21) spectrometer bulk area algorithm. 
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Fig. 28. P a r t i c l e  s i z e  d i s t r i b u t i o n  curve for s i l i c o n  t e t r a c h l o r i d e  
h y d r a l u i c  a tomiz ing  n o z z l e  (nozz le  number L N 6 ) .  

The equi l ibr ium composition of products  r e s u l t i n g  from h igh  
temperature r e a c t i o n s  i n  multicomponent, mult iphase systems can be  
obtained a t  a s p e c i f i e d  temperature,  p re s su re ,  and f o r  an  i n i t i a l  set 
of r e a c t a n t s  by so lv ing  t h e  complex e q u i l i b r i a .  The condi t ions  of 
maximum y i e l d  of any des i r ed  product  can b e  obta ined  by performing 
such c a l c u l a t i o n s  a s  a func t ion  of temperature,  p re s su re ,  and molar 
feed  r a t e s  of r e a c t a n t s .  For t h e  a r c  h e a t e r  reduct ion  of SiC14 t o  
produc* S i ,  fou r  candida te  r educ tan t s  (H , N a ,  Mg, and Zn) were 
cons ior red  i n i t i a l l y .  Ca lcu la t ions  of tfie thermodynamic y i e l d  and, 
consequently,  t h e  m a t e r i a l  and energy requirement w a s  performed t o  
compare t h e  candida te  r educ tan t s  and t o  provide  a seductan t  s e l e c t i o n  
b a s i s ,  These a q u i i i b r i a  ana lyses  were performed us ing  a computer 
program based on both t h e  equi l ibr ium cons t an t  and free energy 
minimization techniques (1) .  
Table 1 lists t h e  r e s u l t s  of t h e  e q u i l i b r i a  ana lyses  f o r  t h e  
candida te  r educ tan t s  inc luding  t h e  m a t e r i a l s  requirement ,  s r c  h e a t e r  
energy requirement,  and t h e  c a l c u l a t e d  y i e l d .  A t  t h e s e  h ighe r  
temperatures z i a c  is a poor r educ tan t .  Molten handl ing of u l t r a  pur  
magnesium i s  no t  s t a t e -o f - the -a r t  technology and s o l i d  feeding  of 
p a r t i c u l a t e  i s  n o t  des i r ab l e .  I n  a d d i t i o n ,  p u r i t y  of commercially 
a v a i l a b l e  magnesium i s  considered to be I n c o n s i s t e n t  w i th  t h e  S. G. 
n i l i c o n  p u r i t y  requirements.  F i n a l l y ,  hydrogen r e q u i r e s  s i g n i f i c a n t  
energy f o r  t h e  reduct ion  process .  Rased on t h e  r e s u l t s  shotm i n  
Table 1 i n  a d d i t i o n  t o  cons ide ra t ions  f o r  m a t e r i a l  c o s t s ,  r educ tan t  
p u r i t y ,  and s ta te -of - the-ar t  technology, t h e  sodium reduc tan t  w a s  
s e l e c t e d  (2) .  
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APPENDIX E+ 
PROCESS ANALYSIS AN!) ECONO!! ICS 
PROCESS ANALYSIS AND ECONOMICS 
Recycle  Process  For S i l i c o n  Product ion 
A s  i l l u s t r a t e d  i n  F igure  1, t h e  e r c  h e a t e r  p rocess  f o r  s i l i c o n  
p roduc t ion  has  been analyzed based upon a cont inuous ( r ecyc l e )  
o p e r a t i n g  mode. I n  t h i s  i n t e g r a t e d  system, t h e  r e a c t o r  f o r  s i l i c o n  
product ion  is  augmented by t h e  a d d i e i o n a l  u n i t  o p e r a t i o n s  f o r  SIC14 
product ion  ( c h l o r i n a t i o n ) ,  SIC14 p u r i f i c a t i o n  ( d i s t i l l a t i o n ) ,  NaCl 
e l e c t r o l . y s i s  t o  produce Na and C 1 2  f o r  r e u s e  i n  t h e  p roces s ,  and a gas  
r e c y c l e  system f o r  t ha  a r c  h e a t e r  gases .  Th i s  i s  t h e  p re l imina ry  system 
des ign  t h a t  was eva lua ted  and cos t ed  f o r  t h e  process  econolnic a n a l y s i s  
i n  o rde r  t o  p r e d i c t  an es t imated  s i l i c o n  product  c o s t ,  
The subsystems that are i n t e r f a c e d  wi th  t h e  plasma r e a c t o r /  
s e p a r a t o r  f o r  s i l i c o n  product ion  ( i . e , ,  eodium feed  system, SIC14 
f e e d  system, a r c  h e a t e r s ,  a r c  h e a t e r  gns system, and the e f f l u e n t  
handl ing system) have been d i scus sed  and p i c t o r i a l l y  dep ic t ed  
p rev ious ly  (1, 2,  7). 
Producriun 
I n d i v i d u a l  Elowsheets were prepared  f o r  each of t h e  u n i t  
o p e r a t i o n s  and were combined t o  form t h e  r e c y c l e  p roces s  a s  shown i n  
F i g u r e  1 (21. The process  f o r  SIC14 product ion  is  based on commercial 
i n fo rma t ion ,  I n  t h i s  p roces s ,  purchased s i l i c o n  c a r b i d e  (SIC) i s  
r e a c t e d  w i t h  gaseous c h l o r i n e  (obtained from t h e  NaCl e l e c t r o l y s i s  
c e l l s )  t o  produce t h e  raw SICl.4. Desc r ip t i ons  of r e a c t a n t  feed 
r a t e s ,  p rocess  equipment and v e e s e l s  were s i m i l a r l y  ob t a ined .  Th i s  
i n fonua t ion  was used t o  determine equipment and vessel s i z e s .  I n  
a d d i t i o n ,  vendors  were contac ted  t o  o b t a i n  p r i c e  in format ion  f o r  t h e  
SIC14 product ion  equipment t h a t  was used i n  t h e  economic a n a l y s i s ,  
FIG. 1 - RECYCLE PROCESS FOR SILICON PRODUCTION 
The Sic14 t h a t  i s  produced i n  t h e  c h l o r i n a t o r  w i l l  r e q u i r e  
p u r i f i c a t i o n  t o  remove undes i r ab l e  i m p u r i t i e s .  An a n a l y s i s  was 
conducted t o  develop a  pre l iminary  des ign  and f lowshee t  f o r  SiC14 
p u r i f i c a t i o n  v i a  d i s t i l l a t i o n  (4). The p u r i f i c a t i o n  u n i t  c o n s i s t s  
b a s i c a l l y  of two d i s t i l l a t i o n  columns p l u s  a u x i l i a r y  equipment 
(e .g . ,  pumps, condensers ,  accumulators ,  r e b o i l e r s ,  and hold ing  
t a n k s ) .  Th i s  f lowshee t  is based on a  s tudy  which enab le s  t h e  removal 
of both p- and n-type i m p u r i t i e s  from t h e  SiC14 i n  a d d i t i o n  t o  t h e  
u n d e s i r a b l e  me ta l s  (Ti ,  V,  Fe) ,  t hus  y i e l d i n g  a  very  v e r s a t i l e  system 
des ign ,  Based on a n  a n a l y s i s  of t h e  SiC14 p u r i f i c a t i o n  p roces s ,  t h e  
fo l lowing  product  impur i ty  levels a r e  expected:  boron: 1 ppb; phosphorus: 
2 ppb; t i t an ium:  <1 ppb; vanadium: a1 ppb; i r o n :  <1 ppb; and SiC14: 
remainder . 
The eng inee r ing  a n a l y s i s  f o r  SIC14 p u r i f i c a t i o n  provided d e s i g n  
informat ion  on u t i l i t y  requirements  and purchased equipment c o s t s  
necessary  f o r  t h e  economic a n a l y s i s .  
NaCl E l e c t r o l y s i s  System 
S ince  t h e  r e a c t i o n  coproduct ,  NaC1, can b e  s epa ra t ed  i n t o  i t s  
e l emen ta l  c o n s t i t u e n t s ,  Na and C 1 2 ,  v i a  t h e  e l e c t r o l y s i s  of NaC1, 
t h e  u n i t  o p e r a t i o n  of NaCl e l e c t r o l y s i s  i s  b e n e f i c i a l  t o  t h e  system 
des ign .  By producing Na and C 1 2  w i t h i n  t h e  o v e r a l l  s i l i c o n  product ion  
p roces s ,  t h e  need t o  purchase raw materials o r  r e a c t a n t  is  minimized. 
The Na t h a t  i s  produced i s  recyc led  back t o  t h e  a r c  hea t e r - r eac to r  
f o r  t h e  SiC14 r educ t ion  and t h e  C 1 2  is  compressed and s t o r e d  f o r  
subsequent  u s e  i n  t h e  c h l o r i n a t i o n  of SIC t o  produce t h e  SiC14 
r e a c t a n t .  In format ion  on NaCl e l e c t r o l y s i s  was ob ta ined  from a v a i l a b l e  
t e c h n i c a l  l i t e r a t u r e  (5-9) - and con£ inned v i a  discussdon w i t h  
commercial sodium producers ,  
Actua l  equipment c o s t s  f o r  t h e  components of t h e  e l e c t r o l y s i s  
system were n o t  a v a i l a b l e  from t h e  above sources .  However, t h e  f i x e d  
c a p i t a l  f o r  a  cons t ruc t ed  NaCl e l e c t r o l y s i s  p l a n t  was a v a i l a b l e  i n  
t h e  l i t e r a t u r e  and was used f o r  t h e  process  economic e v a l u a t i o n  ( 9 ) .  
Process  Economics 
I n  o r d e r  t o  assemble t h e  process  economics f o r  3000 M ~ / y e a r  of 
s i l i c o n ,  t h e  purchased equipment c o s t s  f o r  t h e  v a r i o u s  subsystems and 
u n i t  o p e r a t i o n s  were r equ i r ed  (2). Each of t h e  subsystems was cos t ed  
and t h e  t o t a l  of t h e  purchased equipment c o s t s  was a d j u s t e d  t o  J anua ry ,  
1975 d o l l a r s  v i a  t h e  Marsha l l  and S t even ' s  c o s t  index  1 .  Janua ry ,  1975, 
is t h e  r e f e r e n c e  yea r  f o r  c o s t  d a t a  accord ing  t o  LSA P r o j e c t  requi rements ,  
A f t e r  t h e  purchased equipment c o s t s  were t o t a l i z e d ,  an  e s t i m a t i o n  
of  f i x e d  c a p i t a l  was determined, Table  1 p r e s e n t s  t h e  e s t i m a t i o n  of 
ESTIMATION OF FIXED CAPITAL* 3000 HT SI/YR (RECYCLE) 
CONDENSATION REACTION MODE 
BUILDING WITH SERVICES 23 t, 5% 860,l 
*I975 DOLLARS FIXED CAPITAL* $24866,3 K 
1980 DOLLARS $34800 K 
f i xed  c a p i t a l  (1975 d o l l a r s )  f o r  t h e  3000 MT/year c a s e  based on t h e  
r e c y c l e  process  and t h e  condensat ion r e a c t i o n  mode. The t o t a l  f i x e d  
c a p i t a l  a s s o c i a t e d  wi th  t h e  NaCl e l e c t r o l y s i s  was f a c t o r e d  i n  a s  a 
s i n g l e  item i n  t h e  e s t ima t ion  of f i x e d  c a p i t a l  f o r  t h e  s i l i c o n  
process  p l a n t .  The format and percentages  of purchased equipment c o s t s  
(PE) recommended f o r  c o s t  comparisons a s  developed f o r  t h e  LSA P r o j e c t  
a r e  presented  i n  Table  2 (11, 12 ) .  The f i x e d  c a p i t a l  f o r  t h e  p l a n t  t o  
produce 3000 MT ~ i / y e a r  was es t imated  t o  b e  $24.9 m i l l i o n  (1975 
d o l l a r s ) .  
Based on t h e  f i x e d  c a p i t a l ,  a  de te rmina t ion  was made t o  e s t i m a t e  
t h e  product  c o s t  (without p r o f i t )  i n  1975 d o l l a r s .  T a b l e 2  p r e s e n t s  
a summary of t h e  product  c o s t  e s t ima t ion  f o r  a  3000 MT/year p l a n t .  
As s t a t e d  before ,  t h e  format and percentages  used t o  compile product  
c o s t s  were taken from re fe rences  (11) and (12). The c o s t  d a t a  used 
f o r  u t i l i t y  c o s t s  ( i . e . ,  e l e c t r i c i t y ,  gas ,  steam, coo l ing  water ,  
e t c , )  were a l s o  based on recommended va lues  (11, 12) .  The r e s u l t  
of t h e  product c o s t  a n a l y s i s  r e p r e s e n t s  a s i l i c o n  product  c o s t  
(without  p r o f i t )  of $9.42/kg S i  (1975 d o l l a r s )  which meets t h e  1986 
DOE c o s t  goa l  of $lO/kg S i .  Xn a d d i t i o n ,  a  s e n s i t i v i t y  a n a l y s i s  was 
performed t o  a s s e s s  t h e  e f f e c t  of changes i n  t h e  v a r i o u s  c o s t  i t ems  
upon r e s u l t a n t  s i l i c o n  product  c o s t ,  A s  shown i n  F igu re2 .  t h e  c o s t  
i t ems  of l a b o r ,  raw m a t e r i a l s ,  a r c  h e a t e r  u t i l i t i e s ,  and f i x e d  
c a p i t a l  contingency were v a r i e d  by k 10% of t h e  nominal va lue .  The 
r e s u l t a n t  curves w e r e  p l o t t e d  f o r  t h e  s i l i c o n  product  c o s t  (1975 
d o l l a r s )  t o  i n d i c a t e  t h e  v a r i a t i o n  i n  product  c o s t  r e s u l t i n g  from 
changes i n  t h e  above c o s t  items. It can b e  seen  t h a t  10% v a r i a t i o n s  
i n  any one of t h e s e  f a c t o r s  cause  l e s s  than  2% v a r i a t i o n  i n  t h e  
es t imated  product c o s t .  
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TABLE 2 
-- 
ESTIMATION OF PRODUCT COSTS 3000 NT SI/YR (RECYCLE) 
CONDENSATION REACTION NODE 
FIXED CAPITAL: $24,866,270 (1975 DOLLARS) 
$34,812,780' (1980 Do1 lars) 
$/KG SI 
1, DIRECT MANUF, COST 
A. RAW MATERIALS 1.461 
B, DIRECT OPERATI LABOR (10 AT $5,90 M-HR) ,22 
C. UTILITIES (f , O ~ / X ~ - H R )  2,811 
D, SUPERVISION 8 CLERICAL (15% OF 18) ,03 
E, MAINT, 8 REPAIR (10% OF FIXED CAPITAL) ,83 
F, OPERATING SUPPLIES (20% OF 1 ~ )  ,17 
G, LAB CHARGES (15% OF 1 ~ )  ,03 
8 28 HI PATENTS & ROYALTIES (3% OF PRODUCT COST) -
5,80 ( 8,121' i 
2, INDIRECT MANUF, COSTS 
A, DEPRECIATION (10% OF FIXED CAPITAL) ,83 
B, LOCAL TAXES (2% OF FIXED .CAP!TAL) , 17 
c, INSURANCE (1% OF FIXED CAPITAL) ,08 
3, PLANT OVERHEAD (60% OF IB + 1~ + 1 ~ )  ,65 ( ,911. 
4, TOTAL MANUF, COST (1 + 2 + 3) 8.13 (11,471' 
5, GENERAL EXPENSES 
A I  ADMINI STRATION (6% MANUF, COST) ,49 
B. DISTRIBUTION 8 SALES (6% HANUF. COST) 49 
C, RESEARCH 8 DEVEL. (3% HANUF. COST) 
6, TOTAL COST OF PRODUCT, 4 + 5 (WITHOUT PROFIT) $ 3 , 4 2 / ~ ~  SI (13.19)' 
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SYSTEM PURITY ANALYSIS 
The system p u r i t y  a n a l y s i s  was a p r o j e c t  sub ta sk  conducted t o  
p r e d i c t  impuri ty  concent ra t ions  i n  t h e  l i q u i d  s i l i c o n  product  based on 
i n i t i a l  amounts i n  t h e  feedstock m a t e r i a l s  (sodium and SfC14). 
A thermodynamic method, which was  based on a modi f ica t ion  of t h e  
complex e q u i l i b r i a  c a l c u l a t i o n s  t h a t  were c a r r i e d  o u t  i n  t h e  Si-H-C1-Na 
system i n  Phase I of t h i s  s tudy,  l w a s  used t o  e s t a b l i s h  t h e  impuri ty  
c o r r e l a t i o n s .  I n  t hose  previous c a l c u l a t i o n s  i t  w a s  assumed t h a t  t h e r e  
was no s o l u b i l i t y  i n  t h e  l i q u i d  s i l i c o n .  I f  t h i s  assumption is  r e l axed ,  
then t h e  amount of a d isso lved  s p e c i e s  i n  t h e  liqr,dd s i l i c o n  can be  
ca l cu la t ed  as a func t ion  c;f t h e  i n i t i a l  amounts i n  t h e  feeds tocks ,  pro,. 
vided t h e  a c t i v i t y  c o e f f i c i e n t  of t h a t  s p e c i e s  i n  l i q u i d  s i l i c o n  i s  known. 
Because of t h e  d i l u t e  s o l u t i o n s  involved,  b inary  a c t i v i t y  d a t a  were 
assumed t o  apply t o  t h e  multl-component l i q u i d  phase. The c a l c u l a t i o n s  
were c a r r i e d  o u t  us ing  an e x i s t i n g  Westinghouse computer program c a l l e d  
CHEMEQ, which is based on t h e  f r e e  energy minimization technique f o r  
so lv ing  complex e q u i l i b r i a .  
I n  a d d i t i o n  t o  modifying t h e  CHEMEQ program, inpu t  d a t a  f o r  t h e  
a c t i v i t y  c o e f f i c i e n t s  of t h e  va r ious  impur i t i e s  evaluated were r equ i r ed .  
The a p p r o p r i a t e  a c t i v i t y  c o e f f i c i e n t s  were obtained from e i t h e r  t h e  
l i t e r a t u r e  o r  ca l cu la t ed  based on b e s t  a v a i l a b l e  da t a .2  
The i m p u r i t i e s  evaluated dur ing  t h i s  . . ~ d y  included t h e  fol lowing 
based on e i t h e r  a sodium reduct ion  o r  a hydrogen r educ t ion  process: A l ,  
B, C r ,  Cu, Fe, Mn, Mo, P,  T i ,  V and Z r .  These elements were s e l e c t e d  
f o r  eva lua t ion  due t o  t h e i r  known d e l e t e r i o u s  e f f e c t s  (which a r e  concen- 
t r a t i o n  dependent) on t h e  performance of s o l a r  grade  s i l i c o n .  
A summary of r e p r e s e n t a t i v e  r e s u l t s  f o r  a l l  i m p u r i t i e s  analyzed 
is g iven  i n  Table 1, i n  terms of t h e  percent  of feeds tock  impuri ty  t h a t  
is p re sen t  i n  t h e  l i q u i d  s i l i c o n .  These va lues  r e p r e s e n t  t h e  maximum 
amount of impuri ty  poss ib l e  i n  t h e  molten s i l i c o n  s i n c e  t h e  a n a l y s i s  was 
based on t h e  equi l ibr ium condit ion.  Under a c t u a l  process  condi t ion ,  t h e  
amount of impuri ty  t h a t  i s  p re sen t  may be cons iderably  less due t o  
k i n e t i c  f a c t o r s .  For a r c  h e a t e r  r educ t ion  by sodium, t h e  r e s u l t s  i nd i -  
c a t e  t h a t  p u r i t y  l e v e l s  should s u b s t a n t i a l l y  improve wi th  r e spec t  t o  P 
and A l ,  moderately so  f o r  Mn, and n o t  a t  a l l  f o r  B, C r ,  Cu, Fe, Mo, Ti ,  
V and Zr ,  I n  t h e  c a s e  of hydrogen reduct ion ,  t h e r e  is e s s e n t i a l l y  
complete impuri ty  removal f o r  A l ,  Mn, and P, s i g n i f i c a n t  removal f o r  B, 
T i  and Z r  and l i t t l e  o r  no removal . for  C r ,  Fe, Mo and V. 
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TABLE 1 
SUbrr?ARY OF TYPICAL RESULTS FOR ALL 
IMPURITIES ANALYZED 
P e r c e n t  of  I n i t i a l  I m p u r i t y  
i n  L i q u i d  S i l i c o n  
Impur i ty*  Na Reduction** H Reduction?<** 2 
Aluminum 1 9  0 . 2  
Boron 100 5 2  
Chromium LOO 8 1 
Copper 100 9 2 
I r o n  9  3 94 
Flanganese 7 1 0 . 7 
Flolybdenum 100 
Phosphorus  1 
T i t a n i u m  100 
Vanadium 100 
Zirconium 100 
- 4  * I n i t i a l  amount i s  1 x 1 0  g-atm f n r  a l l  
i m p u r i t i e s .  
* * I n i t i a l  c o n d i t i o n s :  1900°K; 4 . 0  mols Na, 1 mol 
SiC14,  0 . 6 6  mol A r ,  
2 .65 inols H2 
* * * I n i t i a l  c o n d i t i o n s :  2200°K; 25 mots Hz, I mol S ~ C L  4 
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REACTION DENONSTRATION EXPERIMENTS 
The ob jec t ive  of t h i s  t a s k  was t o  determine the  na tu re  and extent  
of the  high tempemture r eac t ion  between sodium vapor and s i l i c o n  
t e t r a c h l o r i d e  vapor u t i l i z i n g  labora tory  apparatus under condi t ions  
s imi la r  t o  t h a t  o r i g i n a l l y  planned f o r  t h e  experimental v e r i f i c a t i o n  
t e s t ing .  Following the  Product Separation Study, t h e  test plans were 
changed t o  opera te  t h e  r eac to r  under the  condensation mode. The d i r e c t  
a p p l i c a b i l i t y  of t h e  r eac t ion  demonstration test r e s u l t s  were the re fo re  
minimal. The labora tory  experinrents were conducted a t  t h e  similar 
temperature, pressure,  roae tan t  concectrat ion,  and res idence  t i m e  range 
a s  the  v e r i f i c a t i o n  t e s t i n g .  The e a r l i e r  ranges f o r  these  t e s t  va r i ab les  
were: (1) temperature, 1800-2000°K; (2) r e a c t a n t  concentrat ions,  40-45% 
sodium, 45-50% a r c  hea te r  gas (80% H2 - 20% Ar) , 10-11% SiC14; 
(3) residence t i m e ,  - 0.1  second. 
The design of a laboratory-scale experimental system was conducted 
and t h e  p r i n c i p a l  components of the system consis ted  of (1) a s i l i c o n  
carbide,  glow bar  furnace with a maximum temperature c a p a b i l i t y  of 
192S°K, (2) a s i l i c o n  t e t r ach lo r ide  generator  with associa ted  flow t r a i n ,  
(3) a sodium vapor generator  with associa ted  flow t r a i n ,  and (4) a 
product c o l l e c t o r  ( s e e  Figure 1 ) .  Heat t r a n s f e r  and res idence  t i m e  cal- 
cu la t ions  were ca r r i ed  out  t o  determine the  r eac t ion  chamher size and 
t he  range of r eac tan t  flow rates, 
The extent  of r eac t ion  was measured by two techniques. A cooled 
probe was placed i n  t h e  gas stream immediately downstream from t h e  
reac t ion  zone i n  order  t o  t r a p  the  condensable r eac t ion  products a s  well  
a s  any sodium t h a t  had not  reacted.  The deposi t  was weighed and chemi- 
c a l l y  analyzed a f t e r  each e x p e r h e n t .  On t h i s  b a s i s ,  t h e  f r a c t i o n a l  
conversion is determined by a mass balance. Tn addi t ion ,  the  exhaust 
gas was sampled and t h e  concentrat ion of s i l i c o n  chlor ides  determined t o  
y ie ld  a ca lcula ted  f r a c t i o n a l  conversion. 
Following successful  assembly and i n s t a l l a t i o n  of the  t e s t  apparatus,  
d i f f i c u l t i e s  were experienced wi th  t h e  sodium vapor generator  (bo i l e r )  
which was designed t o  i n j e c t  vaporized sodium i n t o  the  r e a c t i o n  tube. 
These d i f f i c u l t i e s  were i n  t h e  areas  of vapor flow blockage and mate r i a l  
compatibi l i ty . A nuqber of sodium vapor i n j e c t i o n  techniques were 
, evaluated, Fgnally, i t  was decided t o  u t i l i z e  a sodium i n j e c t o r  system 
consis t ing  oE a p r~zkarged  sodium vapor izer  with an Ar /H2  sweep gas ,  
Sodium vapor pressure versus temperature da ta  was used t o  con t ro l  the  
concentrat ion of the  sodium vapor with the  flow r a t e  of Ar /H2  gas eEfecting 
the  sodium vapor flow. The Sic14 system f o r  vapor i n j e c t i o n  performed 
w e l l  based on the o r i g i n a l  design,  
S ix  f u l l  s c a l e  t e s t s  based on the  modified design of sodium in jec-  
t ion  were attempted. A p e r s i s t e n t  problem t h a t  a rose  was the  sporadic 
breakage of the  alumina r e a c t i o n  tubes,  During these  tests, t h e  tube 
wal l  temperature was i n  the  range of 1450-1550°C, and the  f a i l u r e  oE the  
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alumina tubes was a t t r i b u t e d  t o  t h e i r  poor thermal  shock r e s i s t a n c e .  
Due t o  i ts  s u p e r i o r  r e s i s t a n c e  t o  thermal shock, a m u l l i t e  r e a c t i o n  tube  
w a s  used f o r  t h e  f o u r t h  t e s t .  A most dramat ic  f a i l u r e  of t h i s  tube 
occurred.  The breakage of t h e  i n n e r  sodium' conveying tube  s p l a t t e r e d  
h o t  (300°C) sodium a e r o s o l  onto t h e  w a l l s  of  t h e  m u l l i t e  tube, and t h e  
subsequent d e s t r u c t i v e  r e a c t i o n  between t h e  sodium and t h e  g l a s s  i n  t h e  
m u l l i t e  caused v i r t u a l  d i s i n t e g r a t i o n  of t h e  m u l l i t e  tube. Despi te  t h e  
inadequate  thermal shock r e s i s t a n c e ,  high q u a l i t y  alumina tubes (e.g. ,  
McDanels 998 and Coors AD 998) proved more s u i t a b l e  candida tes  and a 
dec i s ion  was made t o  cont inue us ing  t h e s e  tubes ,  b u t  employing lower 
tube  w a l l  temperatures  t o  prevent tube  breakage. 
I n  t h e  s i x t h  t e s t ,  a lower tube  w a l l  temperature was used (1300°C). 
. .While tube f a i l u r e  w a s  prevented,  10 minutes a f t e r  t h e  run was commenced 
a g r e a t l y  increased  bubbling and turbulence  w a s  de t ec t ed  i n  t h e  e f f l u e n t  
gas  scrubber  and t h i s  w a s  due t o  f a i l u r e  of t h e  co ld  f i n g e r  condenser. 
On reducing t h e  n i t rogen  flow f o r  cool ing  t h e  cold f i n g e r ,  t h e  i n t e n s e  
bubbling i n  t h e  scrubber  ceased. 
/ Figure  2 shows photographs of t h e  broken cold f i n g e r  condenser. 
, 
Three c h a r a c t e r i s t i c  condenser d e p o s i t s  were i d e n t i f i e d .  C loses t  t o  t h e  I 
end p l a t e  was a 2.5 crns long reg ion  composed of a f i n e  yellow-brown 
powder. Adjoining t h i s  reg ion  was a 3 crns long more f l a k y  depos i t .  
C loses t  t o  t h e  r e a c t i o n  zone was a s i lver -grey  m e t a l l i c  coa t ing  approx- 
imate ly  6 crns i n  length .  Samples of t h e s e  d e p o s i t s  w e r e  analyzed by 
EDAX and have shown t h e  expected peaks f o r  s i l i c o n ,  sodium, and ch lo r ine .  
1 - The EDAX method ind ica t ed  t h a t  t h e  mass r a t i o s  i n  a l l  of t h e  d e p o s i t s  
were approximately s to i ch iome t r i c .  The agreement w a s  p a r t i c u l a r l y  good 
f o r  the  s i lver -grey  meca l l i c  coa t ing ,  S ince  t h e  excess  s i l i c o n  tetra- 
c h l o r i d e  could n o t  fiave condensed o u t  a t  t h e  p reva len t  high r e a c t i o n  
tube  temperature and was, t he re fo re ,  swept o u t  wi th  t h e  A r  purge, t h e  
formation of e lementa l  s i l i c o n  and sodium c h l o r i d e  w a s  c l e a r l y  suggested 
by t h e  q u a n t i t a t i v e  r e s u l t s .  a 
b 
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Figure 2 - Photographs Of The Cold Fi.nger Condenser Shwlng 
Deposition Of The Reaction Products 
